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1.0 INTRODUCTION

All spacecratt in low earth orbit are subject to high speed impacts by meteoroids and orbital

debris particles. These impacts can damage flight-critical systems, which can in turn lead to

catastrophic failure of the spacecraft. Therefore, the design of a spacecraft for an earth orbiting

mission must take into account the possibility of such impacts and their effects on the spacecraft

structure and on all of its exposed subsystem components.

In addition to threatening the operation of the spacecratt itself, on-orbit impacts also generate

a significant amount of damaging ricochet ejecta particles. These high speed particles can destroy

critical external spacecraft subsystems, which in turn also poses a threat to the spacecrat_ and its

inhabitants. Ricochet debris particles also increase the contamination of the orbital environment

and, as a result, constitute a threat to other missions into that environment. Since the majority of

on-orbit debris impacts are expected to occur at oblique angles, the characterization of ricochet

debris created in an orbital debris particle impact is an issue that must be addressed.

This report presents a summary of the work performed towards the development of an

empirical model that that characterizes the secondary ejecta created by a high speed impact on a

typical aerospace structural surface. The empirical model developed provides the following

information as a function of impact parameters (speed, angle, projectile diameter) and

target plate geometry (e.g. thickness, etc):

• angles defining the spread of ricochet debris and the trajectory of the ricochet debris

cloud center-of-mass;

• average velocity of the ricochet debris cloud material; and,

• velocity ano mass of the largest particle(s) in the ricochet debris cloud.
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In this report, Chapter 2 presents an overview of the _ogy associated with

oblique hypemvdocity intpm_ on thin plates, and compares them with the processes typically

involved in normal (i.e. nosvoblique)impacts. Cimpter 3 presents a summary ofthe analysis

__to obtain the .pmi, l _ns ofrimdmt_ _ impacts. This mudysis is

used to degermine ricochet debm ckagl spray trod trajectory an_s in terms ofimpact __

and tarpt plm imonm_.

T_ _ Sat _ the _ _ ofths _ debds doud _sp_

in Chapter 4. This method is a bared on a model developed previously that dmmctmizm the

mmm,_ and_ of__ dm_ matedinanobnq_hish-_ impact

[l]. Thismod_emptoysthe_o_asm, m_mprinciples,_ shockphysic_theory,and

thmmodynsmio _ to obtain • _of_ equations for the various

debrmckmdnum_ _ m_d_. This_ modetmnmdieedby_rat_

the information presented in Chapter 3 and by red, rig its dependence on mnpirical parameters.

In Chapter 5, relatimships for _ter dimneter md _ at® applied to the deepest crmefs

in each ricochet witness plate to "back out" the diameters, _ and velocities of the ric_het

debris doud partides that c_ these eraten. These udeulations are performed using a method

similar to that developed in • previous study ofri_ ddris partic_ cr_ed in oblique

hypervdodty impact [2]. The _ obtained is then _ to develop empiric_d relationships

that predi_ thevelocitytnd ares of the larllmt _ debriscloudparticlein termsofimp_

parmnetms and bumper platethickness. Itmults obtained using these relationships are compared

with those obtained previmmly and _ in _femwe [2]. Condusiou derived from the

work presented herein, as well as _ons for future activities in this area. are presented

and_ inChap_6.



2.0 OVERVIEW OF HYPERVIgLOCITY IMPACT PHENOMgNOLOGY

Consider the normal hypervelocity impact of • projectile on the outer Immper of a multi-

wall system as shown in Figure 2.1. Upon impact, shock waves are set up in the projectile and

outer bumper materials. The prmmrm associated with these shocks typically exceed the strengths

ofthe materials by several orders of magnitude. For example, in an 8 km/sec aluminum-on-

aluminum impact, the ratio of the impact pressure (116.5 GPa=l. 15 MBar) to the strength ofthe

material (310 MPa for aluminum 6061-T6) is approx. 375, or roughly 2.5 orders of magnitude.

Projectile / dp

Outer Bumper

Inner Bumper
tw

Pressure Wall

Figure 2.1. Hypervelocity Impact of a Generic Multi-Wall System

As the shock waves propagate, the projectile and outer bumper materials are heated

adiabatically and non-isentropically. The release of the shock pressures occurs isentropically

through the action of rarefaction waves that are generated as the shock waves interact with the

free surfaces of the projectile and the outer bumper. This process leaves the materials in high

energy states and can cause either or both to fragment, melt or vaporize, depending on the
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msterislpropmim,seomeu_ pamneter_andthe_ ofhnp_.

The outerbumperof themulti-wallmucmre protectsthepressurewall ssaimt perforation

_m. it flru.ue_s thein_r bump_snddm u_vetstowsrdss_ _ _ _

Immmm wall. However, in aa otflique hupeet, three debds clouds am typically formed. Two of

the_ mn_! inwsrd towsrds s_ _ _ flw prmmm _mll_

_ two debris c_ls _ form two dist_t _ _n_ on the prmsm, wslL

In one dsm,_ _.. amters ,_1 holm ('_) 8re n_dy _sr. which is c.harscter_© ofnur-

normal impact In the other, the ¢nten (sad holes, if any) are oblons, indicating that they are

formed by oblique impacts. Ks a result, _ two debris clouds are often referred to as the

"nomud" snd "m-li_" debris clouds, _. It has _ that the "normal" debris

cloud contains mainly bumper plate _ while the "in-line" debris cloud contains mainly

projectile fragments [3].

The third debris cloud, often referred to as the "ricochet" debris cloud, travels backwards,

away from the multi-wall system. When the proje¢_ obliquity is 45" or less, only a small quantity

of very fine rio_t debris particles m'e formed. There can be, however, extmmive damage to the

pressure wall, typically in the form of one or more jagged or petalled holes. As the trajectory

obfiquityis increasedbeyond45; themount of rimc_ debrisproducedbytheimpactincreases

significantly. Impacts at obliquities beyond 60" or 65 ° produce a trmnmutmm amount of rio,ocher

debris and only a small quantity of"_on" debris. The dumge in behavior tim occurs near

60" has led Schonberg [4] to postulate the existence of a "critical angle of impact obliquity". For

aluminum projectiles impacting ahunimun bumpers, Sc,honberg estimated the value of this critical



angle to be near 600-65 °. Impacts of projectiles with obliquities less than this critical value would

result in more damage to the pressure wall than to any exterior spacocra_ component, while

impacts at obliquities greater than this critical value would result in more damage to external

components than to the spacecraft pressure wall.



_kO_ DI_BltiS __ _ AND Tn_,JECTOK_

In this Chapter, we present a summary ofthe analyses performed to develop empirical

equations that de_ne the in-plane spread and _ of the ricochet debris cloud in terms of

_t _ _ _opmim .rid_ t_k,_. _s _b_ mb,_ on __

dataa_m two.oun_: 1)_5 hishsp_ inqM_te_perfom_ at theNAS_ Space

lqiSht_ _ 2) 39 _ _ n_ performedu_g SP_ _so providedbythe

NASA/MarshallSpaceFlishtCenter.

Figure 3.1 below shows a typical test set..up, This figure is similar to Figure 2. l, exc_t

that a "ric_>cl_ witness plate" has been added to the diasram. These witness plates were typically

0.3 cmto 1.3 cm thick, dependin8 on the impact renditions, end were provided in each test to

capture the ricochet debris particles _eated by oblique impacts. In F'tsure 3.1, 0, and 099 denote

the trajectory of the center-of-mass of the frsun_ts in the ri_ debd# cloud and the angle

below which lies 99% ofthe damage to the ricochet witness plate, respectively. Based on its

definition, (_ is premmed to model the spread of the ricochet debris cloud particles. Post-test

examination ofdamased ricod_ witnen plates revealed several interesting charactefh_ic_about

oblique hypervelocity impact.

6
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Projectile

tb Vp

Inner Bumper

Pressure Wall

Ricochet
Cloud

O r

tw

Witness
Plate

7
S

l

Figure 3.1. Typical Oblique Hypervelocity Impact Test Set-up with Ricochet Debris Cloud

For impact tests in which the obliquity angle was 30° or less, there was virtually no

damage to the ricochet witness plate. Under such conditions, only a splash deposition was evident

on that plate. As obliquity increased to 45", the damage to the ricochet witness plate became more

pronounced. Small, shallow craters were now evident on the wimm plate, typically lessthan2

mm in diameter and less than 2 mm deep, and fairly evenly distributed along the height of the

witness plate. With further increases in obliquity, an increasing amount of deep cratering became

evident onthe ricochet witness plates. In fact, if a thin ricochet witness plate (i.e. on the order of

0.3 cm) were used in a test with an obliquity exceeding 65 e, it was not unusual to find that the

witness plate was perforated along the entire length of the border between it and the outer

bumper.

From these observations, it became evident that as impact angle increased, the angle

defining the trajectory of the ricochet debris cloud center-of-mass decreased dramatically, that is,

as 0p increased, 0r decreased. However, even in the high obliquity tests, there were still a fair



numb_ ofmnn nearthe top ofthe _ within p_e_ iadk=t_ thatu e, hn_t, e,,

did not expefimce anysi_ _. AppendixApmm_, compilationofthe _ and8,

datafortheobliqueimpacttem_ inthisstudy.Thev_ue ofG,foreachtestwu

usin8a wuightaiaverasetwJudqum_ on theverticaldistdbutionofthewimess platecraters.

Theanglee_wasdetandmdtmedontheheislzbelowwhkhlay99'Aofthericochetcrater

dsm,_ andwu found_ byamens astm m/noeq theirvaec_k_eon.-,onsthe

withinplate.

To _ _ _ data.39_ rimswerepafonnedusiaS_,

smoothpsrecteh_bm_, codedeveSopedfor_ h_a_oc_ impact_.

The impactparametersSovend_ thenumaical simulationswere chosentoexceed,intermsof

pro__ andimp_ vele¢_, thou mmmUymaimbte withs ti_ p. S_u_Inthi.

manner, the "tests" performed _ SPH extended the data provided by lisht 8as sun testing.

Appendix B presents a compilation- ofthe 1399and Ordata for the oblique impact tests considered

in this study. For the SPH runs, the value of 0, for each run was obtained by estimating the ansle

definin 8 the trajectory ofthe _m_'-of-nmss of the ricochet debris cloud based on several SPH

output plots. The ansle 099 was obtained by _ the ansle below which lay 99'A of the

ricochet debris cloud particles as shown on the SPH output plots.

Three sets of equations fore, and 099 were obtained: 1) an equations for each based solely

on empirical data; 2) an equation for each based wlely on SPH data; and, 3) an equation for each

based on a combined database inchulin8 both empirical and SPH data. These equations are all in

the foliowin8 form:
+

+x



B C

(3.1a-f)

where C6 is the bumper material speed of sound.

Table 3.1 below presents the values of the regression coefficients A-D and the correlation

coefficients for equations (3.1a-0. Figures 3.2 and 3.3 present a plot ofthese equations for a

0.795 cm diameter projectile impactin 8 at 0.127 cm thick bumper at a velocity of 6.5 km/s at

trajectory obliquities ranging from 45 ° to 75". Also shown in these figures are test data and

numerical simulation data for 0r and 099.

Table 3.1 Parameter Values and Correlation Coefficients for Equations (3.1)

Equation Quantity Database A B C D Correlation
coemcientOa

3.1a Or 0.4725 0.4085 0.2299 0.6458 0.629

3.1b 099

Empirical

Empirical 0.7052 0.2272 0.06828 0.1404

1.2255

0.343

0.8373.1c Or SPH 0.1377 -0.5421 0.1028

3.1d 099 SPH 1.6519 0.2201 0.1689 1.4587 0.964

3.1e 0r Combined 0.4206 0.2651 0.4345 0.7988 0.662

3.If 099 Combined 0.7608 0.1989 0.1146 0.3191 0.429

As can be seen from Table 3.1, the SPH-only equations have the highest correlation

coefficients, indicating that the SPH data is very consistent from run to run. In addition, the

empirical-only and combined equations for 0r have reasonable R 1 values, which indicates that

although there is a fair degree of scatter in the empirical 0r data, the trends in the data are

consistent over the range of empirical parameters considered. However, as is apparent from the

very low R 2 values for the empirical and combined 0_ equations, there are some features in the

099 data that are not accounted for in the regression model selected. Additional discussion ofthe_:_

features follow Figures 3.2 and 3.3 below.

9
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It is clear from the plots of all three regression equations in Figure 3.2 (empirical-only,

SPH-only, and combined) that 0r decreases monotonically as 0p increases. This is a statistical

demonstration of the empirical observation made previously regarding the nature of the damage to

the ricochet witness plates and its relationship to the trajectory obliquity of the impacting

projectile.

However, Figure 3.3 shows a divergence in the trend predicted by the SPH-only

regression and those predicted by the empirical-only and combined egressions. The _;PH data and

the associated curve clearly show a dependence of 099 on 0p, one that is similar to that observed

for 0r: as 0p increases, 099 decreases. However, the empirical data and the associated curves show

099 to he relatively insensitive to any variation in 0p. The implication is that the empirical evidence

dictates that the majority of the ricochet debris cloud particles will always be contained within the

same spread angle (25 ° in this case), regardless of the impact parameters.

The apparent lack of dependence of 099 on any impact parameter would also explain the

low correlation coefficients obtained when regressing the 099 data. A multi-variable regression

process seeks to find trends in the data. When there are none, such as in the case of a constant

dependent function value, the process returns a correlation coefficient near zero. The discrepancy

between the empirically-observed independence and the numerically-observed dependence of 099

is an issue that needs to he explored in more detail in a subsequent investigation. Perhaps more

consistent calculation (in the case of the test data) and measurement (in the case of the numerical

data) processes are needed to ensure a more valid joining of the two data sets.

I1



4.0 RICOCHET DEBRIS CLOUD VEIA)CI'rY

4.1 Introductory Comments

A modelis_that um be used to _the nmses, velocitit_ andtrajectories

of the three debrisclouds createdinan obliquehypervelocityimpact interms of impact

parameters, material properties, and bumper thickness. This model is based on applying the

principles of mass, momentum, and enerlW commrvation before and after the oblique impact

event. _ _x_ phym_ _a_emodynmi© _ m used inthe modelto _

the fractionof the initial projectile_ eneqD' thatislostto shock heatingof'theprojectileand

bumper materials. The model developed isverifiedby comparing itspredictionswith available

experimentalinformation.

The model is an improvement of the original model developed by Sc21onberg and Yang [ I ]

for two reasons. First, it contains a more widely-applicable empirical equation for Or than the

previous model. Second, it has a decreased dependence on empirical, or user-controlled,

parameters by explicitly calculating the fraction of the initial projectile kinetic energy that is

expended in the shock beating and release of the projectile and bumper materials.

Figure 4.1 below shows a schematic of the parameters that characterize the motion of the

three debris clouds created in an oblique hypervelocity impact. In this figure, Mi, M2, and Mf are

the _ of the 'normal", 'in-line', and 'ricochet' debris clouds. Analogously, the quantities Vt,

V2 and V_, and 0j, 02, and Orare the axial velocities and trajectories, respectively, of these debris

clouds. We also later introduce the parameter Vo (not shown in Figure 4.1) which is used to

characterize the (assumed equal) radial expansion velocity of each of these three debris clouds.

12
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0, vr

V,

Figure 4.1. Oblique Hypervelocity Impact of a Flat Plate

4.2 Oblique Impact Model Developmeat

Applying conservation of momentum before and after the initial impact of the projectile on

the bumper plate in the vertical and horizontal directions, we arrive at the following equations:

Mp Vp cosep = MJ VI cos0J + M2 V2 cos02 - Mr Vr siner

Mp Vp sin ep = MI VI sin 0j + M2 Vz sin e2 + M, Vr coS0r

(4.1)

(4.2)

Assuming that no mass is lost in the initial impact, the mass conservation principle yields

Mp + Mf = M, + M2 + Mr (4.3)

where Mr is the mass of the material that is punched out in the creation of the eliptical hole in the

bumper plate. This quantity is calculated by noting that for the trajectory obliquities considered,

the bumper plate hole is elliptical [5]:

1 (4.4)
Mf -- _"/r43 b Dn Din= tb

where _ and tb are the bumper mass density and thickness, respectively.

The quantities D.,_ and D,m are the lengths of the minor and major axes of the bumper

plate hole and were calculated using the following empirical equations [4]:

13



0.m 0.701

e,,+o.93 (4.5)

0.¢;_ 0,667

D-- = 2252(Vp_ ft---b_ exp(0.8150,) + l.O0 (4.6)
kCb) kdtJ

wbere Cbis tbe bumper nmtmialspeed of sound, dpis the _e diameter, and ep is in radimm.

We note that these equations were derived from hypervelo_ty impact tests in which spherical

ah_ninum projectiles impacted thin aluminum plates. Hag_ while the genertl methodology

described herein may be valid for other materials hexes _ the use of empirical equations

based on tests employin8 aluminum plates renders this specific mudysis valid only for spherical

aluminum projectiles _ aluminum bumper _.

Equations (4.1-4.3) constitute a system of 3 equations in 9 unknowns which nmst be

solved for: 3 debris cloud tnan_ 3 axial veloctTtes, 3 omter-of-nmu trajectories. An additional

unknown exists in the form ofthe average radial expansion velocity of the debris clouds V,, which

must also. be solved for. The solution process is facilitated by utilizing experimental observations

from high-speed impact tests of aluminum dual-wall structures to determine several of the

unknowns in equations (4.1-4.3). The remaining unknowns can then be determined in closed

form. Once this is accomplished, an additional equation can be introduced to solve for V.. The

process by which this is done is described in the following sections.

4.3 Trajectory Angles

The angles O, and 02 initially_ u O_is increased [4]. This continues until a critical

value of 0p is reacl_ beyond which O, and 82 decrease with confim_ increases in 0a,.This kind

of belmvior is very ditfic_lt to predict analytically without resorting to an advanced shock physics

analysis. As a result, the analytical prediction of this behavior is beyond the scope of the present

14
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work. The empirical equations used to calculate values of 0_ and 02 as functions of the initial

impact parameters are given below [5]:

/V ,_ --0.049 / ,_ --0.054

0,_0.471 _ -p / /tb| cos (4.7)
0p _C b ) _dp )

/ _ \-0.086 f ,_ --0.478

O--L2=O-532[vp| (4.8)

The angle Or is Oven by the following empirical equation, which was derived in the

preceding chapter:

[ ,_0.7.6J1/" • _,0.4345 ]

0, =tan-' 0.420d tb | |vp| cos °'_ 0pJ (4.9) Cb)

By using equations (4.7-4.9), 0t, 02, and Orcan be treated as known quantities which

reduces the number of unknowns in equations (4.1-4.3) to six.

4.4 Debris Cloud Masses

The t.hree unknown debris cloud masses are calculated by systematically distributing the

mass of the projectile and the mass of the bumper plate material that is punched out by the initial

impact among the three debris clouds and then invoking the conservation of mass equation,

equation (4.3). This distribution process is accomplished as follows.

First, it is noted that as 0p increases, the amount of material in the normal and in-line

debris clouds monotonically decreases while that in the ricochet debris cloud steadily increases

[5]. Furthermore, it has been hypothesized that the material in the normal debris cloud is primarily

bumper plate material, while the material in the in-line debris cloud is primarily projectile material

[3]. The obliquity of the initial impact on the bumper plate also mandates that the in-line and

15



ricochetdebris clouds contain a portion ofthe bumper plate material. Bated on these

observations, we postulate the following functional forms of Ml and M2:

m

M! - Mt O_P ep (4.1 O)

M= - a2 (Mr - Mtt)cos"O, + M, cos'e, (4.11)

where Meis the nero ofbumper plate material thJ would be ejected in a normal impact at a

reduced velocity V' < Vp, i.e. Mr: M_Op=O*,V,,:V'), and a2 is that fraction of the ejected bumper

plate material in the in-line debris cloud. These fonm satisfy the requirement that the debris clomi

masses decrease as el, increases and do not violate the hypotheses resardin8 the origins ofthe

materiel in the respective debris clouds. The values of the exponent n and the coefficient cx2 are

adjusted so that the final predictions for the debris cloud spread angies based on this analysis

procedure compare well with those obtained usin8 empirical predictor equations for debris cloud

The reduced velocity V' used to calculate the mass ofbumper plate material in the 'normal'

debris cloud is taken to be the normal component of the original impact velocity. Any material in

excess of that which such a normal impact would produce is allocated to the 'in-line' and ricochet

debris clouds. Therefore, the reduced velocity V' is given by

V' = 11V_ cosOp (4.12)

where 11is a correction factor that is also adjusted so that the final predictions for debris cloud

spread ansles based on the analysis procedure presented herein compare well with those obtained

usin 8 empirical predictor equations. Substitution of equations (4.10-4.11) into equation (4.3)

results in the foilowin 8 expression for the mass of the ricochet debris cloud:

M, = (l - ot2XMf - Mr) Gosa Op + (Mr + MpXI - co_ Op) (4.1.2'
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These calculations and assumptions allow M_, M2, and _ to be treated as known

quantities which reduces the number of unknowns to three. Since one of the equations was used

in the preceding analysis, we now have a system of two equations in three unknowns (Vt,Vz, Vr).

4.5 Debris Cloud Axial Velocities

Since the 'normal' debris cloud is assumed to contain only bumper plate material and the

mass of that material is calculated assuming a normal impact, the method for calculating its

velocity is based on a procedure currently utilized for calculating debris cloud velocities in normal

impacts of thin plates. This procedure is summarized in the following paragraph.

The initial normal impact era projectile on a thin plate produces a shock wave that

undergoes reflection at the rear surface of the plate. An elementary shock wave propagation

analysis indicates that the velocity of the rear surface at the moment of reflection is equal to twice

the particle velocity of the plate material as the shock wave passes through the plate. For a normal

impact of an aluminum projectile on an aluminum plate, particle velocity is equal to one-half of

the impact velocity. Hence, a simple substitution shows that for the particular projectile and

bumper plate materials under consideration, under normal impact, the velocity of the rear surface

of the plate is equal to the initial normal impact velocity. Since the reflection of the shock wave

from the rear surface causes the plate material to fragment and thereby creates the debris cloud,

the presumption is made that the axial velocity of the debris cloud created by the normal impact is

equal to the velocity of the rear surface of the plate.

Since the normal velocity assumed to create the 'normal' debris cloud is given by V', then

the axial velocity ofthe 'normal' debris cloud is also given by V', that is,

Vi = 11Vp cOS0p (4.14)

We are now left with a system of two equations in two unknowns, V2 and V_. This system
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is solved explicitly with the following results:

M_ V, co,(e, - eJ - v. cm(e, - ej
v, = (4.15)

M2 (x)s(02- 0r)

M_ Vp sin0p- Ml Vtsinel- M2 V2 s/n02
V. = (4.16)

M, cos0r

Thus,alloftheunknowns inequations(4.1..4.:))arenow determined.The finalunknown

to be determined is V., which is found using the method pmm_ed in the next Section. It is

necessary to determine this unkmwn in order to be able to validate this modd.

4.6 Debris Cloud Radial Expansion Vdocittu

If we apply the principle of energy c__n before and after the initial impact of the

proje_ile on the bumper plate, we have the following symbolic equation:

K. E.iae_ = K. E _,t, + K. E 4o_ (4.17)

where the initial kinetic enmgy is that of the incmrdn8 projectile, the kinetic energy of the debris

clouds is that due to their axial motion and expansion, and the kinetic energy that is lost is due to

the irreversible thermodynamic processes that result from the initial impact such as material

heating, fight flash, etc. If the energy that is lost is written as some fraction _ of the initial impact

energy, then writing the kinetic energy of the projectile and the debris clouds in standard form

yields the following:

1 2 l 2
½(1-_)I_I,v_=](M,+M_ +MJ V.+_-(M,V,+M,v,_+M,V,_) (4.18)

The term on the left hand side of equation (4.18) may be regarded as the energy available

for debris cloud motion and expansion. Once the value of_ is known, the only unknown in

equation (4.18) is V., which can be obtained explicitly as follows:
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- M, V, - (M, V, + M2V2+ M, VDV. = (I _ _

The parameter _, which defines the fraction of the initial impact energy that is lost to

shock heating, is calculated as follows:

E_M, +E_Mf

(4.1o)

(4.20)

where E_ and E__w are the waste heats per unit mass produced by the shock heating and

release of the projectile and bumper hole-out materials. We note that by neglecting energy losses

such as those due to light flash, the results obtained herein should be conservative in nature. The

procedure for calculating these waste heats is discussed in the following sub-section.

4.6.1 Shock Loading and Release Due to High Speed Impact

In calculating the shock loading and subsequent release of the projectile and outer bumper

materials, the shock waves are considered to be initially planar. This simplification allows one-

dimensional relationships to be used for analyzing the creation and release of shock pressures. In

this manner, the shock pressures, energies, etc., in the projectile and outer bumper materials are

calculated using the three I-D shock-jump conditions, a linear relationship between the shock

wave velocity and panicle velocity in each material, and continuity of pressure and velocity at the

projectile/outer bumper interface. Specifically, if we consider the 1-D impact of a projectile with

velocity v o on a stationary outer bumper, conservation of mass, momentum, and energy across

the shock fronts in the projectile and in the outer bumper yields
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U..__ _-- Usp -- tim,

v. %

+ UIpUPP

P_' "Pq, -_

1
E., --E. +_0',, +%)(v., - v.,)

(4.21a-¢)

U s Ua -- Upt

v. v_
UnUl_

P.= P.+_

+!
E., =n. 20',. +P.,)(v.-v,.)

(4.22a-c)

where V=l/p is _© volmne, u. and up are shock _ _ velocity, respectively, Vs, P_ Es

and V.,P.,E. arethe_, pressureand _ _m mated with the shockedand initial

material states, respectively. In equations (4.2Ia-c) and (4.22a-c), thesubscripts 'p', and V refer to

projectile and outer _ quantities, respe_ve_y. In _ development of equations (4.21 a-O

a.d (4,22.-c),the__ _nthep_U_ re_ve to.'sU_on_ proj_e.

The linear shock velocity-particle velocity rel_ps for the projectile and outer bumper

materials are taken to be in the form

u, = _ + Iob (4.23)

where c.=_/(KVo) is the nmtmal bulk speed of_ K=FJ3(I-2v) is the adiabatic bulk modulus,

E and v are Young's modulus and Poisson's ratio, respectively, and k is an empirically-derived

constant. Equatiom (4.21a-c, 4.22a-c) are applied to the initial impact on the outer bumper of a

multi-wall system in the following wl Upon_ _ equilibrium at the projec-

tHe/outer bumper int_rfilce implies that

P_v = P_ (4.24)

2O

i

i
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1
I
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while material continuity at the interface implies that

Vo= Upp + Up, (4.25)

Because the outer bumper in a multi-wall system is free from any initial mechanical stress

(it is merely supported at its four comers a fixed distance away from the inner pressure wall), the

initial conditions ahead of the projectile and outer bumper shock waves are taken to be zero (with

the exception, of course, of the initial material densities). Solving equations (4.21-4.25)

simultaneously yields expressions for projectile and outer bumper particle velocities which can

then be used to calculate shock velocities, pressures, internal energies, and material densities aRer

the passage of a shock wave. For example, using this procedure to solve initially for up, yields

b-._ (4.26)
UPt - 2a

where

a=k.-k,(P'l
_Pop)

A - b 2 - 4a(%,Vo + kpv. 2)

Then it follows that

U_¢ = Vo-- Ula

Ua -- Cot + ktupt

asp = Cop+ kpup¢

(4.27a-c)

(4.28a-c)

The shocked densities of the projectile and outer bumper materials are found by substituting

equations (4.26, 4.28a-c) into equations (4.21a) and (4.22a) to yield
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1 U_,/Vq,
P_ --'V-'_ = u,p - un, (4.29a)

1 u,t/V a
- -- --- (4.29b)

Pm V_ u.-u,,

Fh_ly, equztiom 0.21b,¢) and (4.22b,©)are thenumi to deariethe pnmm mi ener_

in the projectile and outer bumper materials, respectively, associated with the passase of the

shock waves created by the initial impact. This completely defines the slmcked states of the

projectile and outer materials due to the initial hnpact.

While the shock loading of a material is an irreversible process that results in an increase

of the internal energy of the slinked material, the release of a slmc_ed material occurs

isentropicaUy along an 'isentrope' or 'release adiabat'. The difference between the area under the

isentrope and the energy of the shocked state is the amount of residual energy that remains in the

material and can cause the material to melt or even vaporize. In order to calculate the release of

the projectile and outer bumper materials from their respective shocked states (each characterized

by Px, E_ and Vx), an appropriate equation-of-state is needed for each material. To keep the

analysis relatively simple, the Mie-Gruneisen eqtmtiowof-state [6] was used in this study.

The Mie-Gruneisen equation-of-state (EOS) is an accurate thermodynamic description of

most metals in the solid regime and is relatively easy to use. It has the form

P = P. + pF(E - E.) (4.30)

where the time-dependent Gruneisen coefficient F is given for most metals as

F = Fop.___ (4.31)
P

In equation(4.31),
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K[3 (4.32)
I'o=_

poCp

is the ambient Gruneisen coefficient, where K is the adiabatic bulk modulus, 13=3ct is the

volumetric coefficient of thermal expansion, and C_ is specific heat at constant pressure. Invoking

the Second Law of Thermodynamics

dE = TdS - PdV (4.33)

along with the isentropic constraint dS=0 for the release process allows us to construct the release

isentrope in P-V space for a material referenced to the material Hugoniot in P-V space and a

given initial shocked state defined by Pa, VH, Ea. Using the procedure outlined in Reference [6],

the pressure Pi at a specific position 'i' along the isentrope can be shown to be given by

l+ (AV)
i

where AV is the incremental change in volume used to create the release isentrope, and P_u and

E_u are the pressure and energy along the Hugoniot corresponding to the i-th position in the

release process. The release process is continued using equation (4.34) until the release isentrope

so determined crosses the V-axis.

It should be noted that based on its formulation, the Mie-Gruneisen EOS cannot be

expected to give accurate results in a highly expanded liquid regime or in a vapor regime. This is

because as impact energy increases, the assumption that the Gruneisen coefficient is a function of

density alone is no longer valid. At high impact energies, the Gruneisen coefficient is a function of

internal energy as well as density. Experience has shown, however, that it does yield fairly ac-

curate end-state results even when there is a small percentage of molten material present [7].
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Once the releaN process caloBlatiom for the projectile and buml_ materials have been

completed, the areas under the respective isentrop_ are calculated and subtracted fi'om the

shockedeaeqlyW,._teto determinethe_ve wasteheats,thatis,

• ,

P-C=P-.- ^." (4.35a)

(4.35b)

4.7Oblique Impact Modd _Verification

The validitYOfthe proposed _ of solution for the tea _ that dmmctetize the

debrisclouds createdu a resultof an_ _ _ oft thinplm (u well u ell

the attendam ummpfiom) is assessed by compadn 8 model predictions of debris cloud spread

angles with the predictions of empirically baaed equations for debris cloud R)resd angles. Model

values for the spread angles of the 'normal' and _-line' debris clou_, _t and _ respectively, are

siren by:

*,=2 .,('v'.'_
tan \ViJ i= 1, 2 (4.36)

The empirical values of debris cloud spread anBJesare found using the following relationships [5]:

_'_-pj cos °'_ O, (4,37a)

((_.l"°'f tb1°*''tan_2 = 1,55 _'_-pj cos°'_ Op
(4.yro)

Table 4.1 presents the a summary of the impact _ _ m the __ of the

model developed herein. Tables 4.2a-c, 4.3a-c, and 4.4a-c present the final values ofthe mint-

controlled parameters a2, q and n corresponding to the impact conditiopj in Table 4.l.

i
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Table 4.1. Impact Conditions Considered in Model Validation

Impact Parameter

Impact Velocity, V, (kin/s)

Trajectory Obliquity, 0, (deg)

Projectile Diameter_ d r (cra)

Bumper Thickness, tb (mm) ,

Values Considered

0.635_ 0.7951 0.953p 1.13, 1.27

1.3_ 1.6 T2.0

Table 4.2a.Model Parameters ¢xz,11and n for0:30 °,t4,=1.3nun

V dp 11 N a2

(km/s) (cm)
4.0 0.635 0.85 3.45 1.00

4.0 0.795 I.O0 2.40 1.00

4.0 0.953 1.20 1.50 1.00

4.0 1.13 1.35 0.35 1.00

5.5 0.635 0.80 3.45 1.00

5.5 0.795 0.85 2.45 1.00

5.5 0.953 1.00 1.40 1.00

5.5 1.13 1.20 0.60 t.00

7.0 0.635 0.75 3.40 0.95

7.0 0.795 0.80 2.50 0.93

7.0 0.953 0.90 1.50 0.91

7.0 1.13 1.10 0.90 0.89

Table 4.2b. Model Parameters az, rl and n for 0p=300, tb=l.6 mm

V dp 11 n ct2

(ion/s) (em)

4.0 0.635 0.85 4.50 1.00

4.0 0.795 0.95 3.40 l.O0

4.0 0.953 1.05 2.50 1.00

4.0 1.13 1.15 1.60 1.00

5.5 0.635 0.75 4.50 1.00

5.5 0.795 0.85 3.45 1.00

5.5 0.953 0.95 2.60 1.00

5.5 1.13 1.05 1.80 1,00
i

7.0 0.635 0.75 4.40 0.95

7.0 0.795 0.80 3.50 0.93

7.0 0.953 0.85 2.70 0.91

7.0 1.13 0.90 1.90 0.89
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Table 4.2c. _ _ers or2, 11,and n _ 01,-30", tb=2.0 mm

V
Oum/s)

4_

5.5

5.5
7.0

7,0

17,0

7:0

d,
•(m)
0,635
0.795

;o.953
1.13

:0._35
0.795

0.953

1.13

0,795

oi9s3_
1.13

1] _ II

O.SO5:70
0:__-4i_

f ,,, ,

1.00 3_
i : . L T Fill

I.I0 2.80
O_TSiS_70
o.so
o.z5_ 3.55_
O._ 2.75

0.75 4.30

0.80_ _3,50

0.85 2.70

Table 4.3t Model Parameters a2, )!, and n for _=45; tb=l.3 nun

V

(_)
4.0
4.0

4,O
i

4.0

5.5*

n cc2d,, 11
(cm)

0.63.5 1.00_
0.795 I.I0

0,953 1.35

1,13 . 1.50. 0.40 J_
0._5 " 0.95 1.95 LO0

t._ Loo
1.35 1.00

0.85 LO0

|.00 ¸

1.00
1.15 " 0.28 " 1,oo

0.85 1.85 0.95
0.95 1.35 0.93

ir i

1.05 0,90 0.91

1.15 0.45 0.89
l

5.$ ._0,795 1.05

5.5 !o,953 _ 1.1o
5.5

7.0

7.0

7.0

7.0

1,35

0.85
1.13

0.635
0.795

0.953
1.13

!
E
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Table 4.3b. Model Parameters ¢x2, 11, and n for 0_-45 °, t,=l.6 nun

V dp I1 n a2

(kin/s) (em)
4.0 0.635 1.00 2.45 1.00

4.0 0.795 1.10 1.90 1.00

4.0 0.953 1.20 1.40 1.00

4.0 1.13 1.35 1.00 1.00

5.5 0.635 0.95 2.55 1.00

5.5 0.795 1.05 1.95 1.00

5.5 0.953 1.10 1.45 1.00

5.5 1.13 1.15 1.05 1.00

7.0 0.635 0.85 2.45 0.95

7.0 0.795 0.95 1.90 0.93

7.0 0.953 1.05 1.45 0.91

7.0 1.13 1.15 1.05 0.89

Table 4.3c. Model Parameters (x2, ¢1, and n for 0p=45 °, t4,--2.0 nun

V dp 11 n ct2

(kin/s) (cm)
4.0 0.635 1.00 3.05 1.00

4.0 0.795 1.10 2.50 1.00

4.0 0.953 -1.20 2.00 1.00

4.0 1.13 1.35 1.60 1.00

5.5 0.635 0.95 3.05 1.00

5.5 0.795 1.05 2.45 1.00
, I

5.5 0.953 1.10 2:00 1.00

5.5 1.13 1.15 1.65 1.00

7.0 0.635 0.80 2.85 0.95

7.0 0.795 0.90 2.40 0.93

7,0 0.953 1.00 1.95 0.91

7.0 1.13 1.10 1.65 0.89
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Table 4.4a. Model _ers ct2, 11,and n fo¢ 0_-60 °, tb---l.3 mm

V

...,(i._)
4.0 _
4:0

4.0

5.5

7.0

7,o
710
7.0

_ dj_ I 'rl " n a2

_0!_5 _i 1.50 1755 !,00
0,795 1.60 i:_ t.00
...... I i

_0i_3 1_70 0,90 !,00

1.13 l so o._ 1.o0
_5 1A0 1.55 1,00

0._ 1:50 1.25 1.00

o9_ _._ o gs l oo
! .13 i 1,_ 0_ LO0_

_5 130 155 0,95 _
0._3:1'_ i_ 0.93

0._3 1.50_ 0i95 0,91
1.i3 1.50 _ 0.70 0.89

Table 4.4b, Model _ a2. 11and n for ep=60", 14,-1.6 nun

,,........ _ ,nn_!- - ,

4,0 0.635 1.50 1.90 _ L00

4.0 0.795: 1.50 1,50 li00

4,0-O._i 1.55 1:20 1.00

4.0 _ 1.!3 t.75 1.09_ 1.00

S:5_ _e_ I_._ __t._ [ 1,®
5.5

5.5

5.5

7-0

_7.0

7.0

0.953 1.60 1'_ 1.00

1.13 1.70. 1,05 1.00
0.635 1.30 1.85 0.95

0.795 1._ 1_1_5,So93
0._3 i,50 1,25 0.91

It3 160 1.00 089

_t

211 _i



Table 4.4c. Model Parameters ¢z2, TI and n for 0p--60; h,=2.0 mm

V dp 11 n ct2

(kin/s) (cm)
4.0 0.635 1.50 2.25 1.00

4.0 0.795 1.50 1.90 1.00

4.0 0.953 1.55 1.60 1.00

4.0 1.13 1.75 1.35 1.00

5.5 0.635 1.30 2.20 1.00

5.5 0.795 1.40 1.90 1.00

5.5 0.953 1.50 1.60 1.00

5.5 1.13 1.60 1.40 1.00

7.0 0.635 1.15 2.10 0.95

7.0 0.795 1.25 1.80 0.93

7.0 0.953 1.35 1.60 0.91

7.0 1.13 1.45 1.40 0.89

Finally, Table 4.5a-c present percent error summaries showing differences between

prediction and experiment for the various bumper plate thicknesses, impact trajectories, projectile

diameters, and obliquities considered. For each perforating debris cloud spread angle, the value

shown is the precent difference between model prediction and empirical equation prediction. As

can be seen from Table 4.5a-c, the values of the spread angles that result from the calculations

described herein are very close to the experimental values. Naturally, the values of the parameters

(x2, 11 and n have been adjusted to ensure that model predictions and empirical results are closely

matched.
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Table 4.5_ Percw_ Error Summaries for h = 1.3nun

dp

0.635 0.3511 ,.el 8,Si

0.795 -1L7_ .Oi -L@

0.953 I428.!_ 22.521 -14.6:

,= ÷ ..... i j . 111111Will i

....,1 I 4_
'i 8._: -I,!6. 0.64

iit.__+.9._.3.48
3_ _II.00] 16.24

1.13 -_SS+16 +21.3_ 51.30 :+!&$51 !9.7 9

I . _ i V,_-U_, .
I do :1: _ [. _. t O,k's
i (,_) _17t_._:t+_ I ,t, _l _ I I, i ] h
! o.63sI- Lxgl-_'4._i 4_t! 4._i--4,$9 ] 810_

I o._ i i?_-_:,2_1-o,82]-s:_ 3'41
i 0.953 ![_7._-_! _.21[-26.38i 7489_ 14.63

i 1.13 i -2_S]_37._ _i_ 65.27[-13.44 i 20.5'}

I i _i++]_ ¥,,-7J_ =
I d, 1 __ !T _ ii 1 60dq

0.6351 -0.3_ 3.63 ! 8.571 6.22 2.09[ 3.79

0.795 I -4.20], -3.271, 2.111. 4,94 -3.811, -1.01
0.953 -6,98] !0,12] -2.691 1,I.45 ' -5.62 ! 8.05

1.13 -26.23! 14_18! -4.24! 26;97 :-9.86[ 14.57

+

I



Table 4.5b. Percent Error Summaries for tb = 1.6 nun

Vp - 4.0 km/s

dp 30 dq

(ca) _l
0.635 -1.30 4.97

0.795 -9.38 7.50

0.953 -15.55 15.73
i

1.13 -17.19 35.45

V,-
dr, 30 dell

(cm) t, 4_
0.635 1.23 3.83

0.795 -5.85 3.79

0.953 -13.02 7.67

1.13 -18.37 16.95

Vp=

dp 30 dq

(cm) *n,,

0.635 -8.26 9.55

0.795 -9.06 -1.28

0.953 -11.65 -3.94

1.13 -12.07 1.43

45 des 60 deg

4_1 4_ 4pl
1.83 2.20 -3.59 -3.72

-7.50i 1.26 4.43 9.00

-8.33 16.09 4.96 18.93
ill

-16.88 27.99 -15.71 11.89

5.5 km/s

45 deg 60 deg

_1 4p= 4_1 4_
-3.15 0.62 -2.16 1.74

-8.65 3.54 -4.79 0.18
i

-6.42 13.20 -5.48 9.39

20.85 -13.71 12.97-9.89

7.0 km/s

45 deg 60 deg

4_, 4_2 .tl t2
-2.56 1.72 -5.71 5.12

-4.63 2.66 -5.92 1.94
i

-8.89 6.60 -6:00 10.71

-13.33 t3.38 -8.95 17.75
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Table 4.5c. Percent Error Summaries for 5, = 2,0 mm

i -Z_ +1.1
.o._1 9._
-9.501

+

T
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5.0 CHARACTERIZING RICOCHET DEBRIS CLOUD PARTICLES

Damage potential estimates of ricochet debris particles created in an obfique hypervelocity

impact will contribute significantly to the successful design of an effective protection systems for

external spacecraft components and will assist in determining the overall survivability probability

of a spacecraft following such an impact. A simple way of modelling the damage potential of a

ricochet debris particle is through its size and speed.

In this Chapter, a technique is presented for developing empirical relationships that predict

the velocity and mass of the largest ricochet debris cloud particle in terms of impact parameters

and bumper plate thickness. This is accomplished by "backing out" the diameters, masses, and

velocities of the ricochet debris cloud particles from measured craters penetration depths and

surface diameters on the ricochet witness plates of 139 oblique impact tests performed at the

NASA/Marshall Space Flight Center. Measured values of crater depth and diameter are used

together with empirical relationships for these quantities to determine particle diameters and

velocities. Results obtained using these relationships are compared with those obtained previously

and presented in Reference [2]. Visual inspection of damaged ricochet witness plates reveal

several interesting features that address the validity of this method.

I) The surface openings of ricochet witness plate craters formed by debris impacts were

very nearly circular, which is indicative o.fnear-normal impact trajectories. This

observation is confirmed by the analysis performed in the preceding chapter; which

concluded that most ofthe ricochet debris particles will be contained within a cone

having an apex angle of 300 or less, regardless of the original impact angle.
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2) In the tests where thericochet_ ph_es were sufficiently thick, the reverse sides

of the plates remained smooth and undamaged even though the front sides exhibited

siSniacamarater Inthe,e thepnst-impa tappearanceofthe r cocbet

plate was identical to that of a "thickplate" subjected to the same debris

IonOm.

Based on these observations, the use of thick plate equations for penetm_n depth and

cxater dianm_ due to normal _ impact is justified provided that the reverse side of

the ri_ _ plate in which the c_ter depths are measured is smooth and undmnaged (i.e.,

nospaUor .

Examinmion ofexisting __ equations revealed a strong coupling between

particle size and velocity effects. Th_ is, the same size csater can be produced by a small particle

traveling at a hish _ or by a larger _ _aveling at a slower speed. Therefore, in order to

have a unique solution for particle size and _ a second set of equations describing another

I

i

d

i

measurable crater quantity was needed. A _ofe_fisting literature on cratering phenomena in

hypervelocity impact suggested crater volume to be such a quantity. Thus, a crater volume

equationusedinconjunctionwithan__ penetrationdepthcouldbeusedto solve

uniquelyfor_ sizeand speed.Sinceitismore facileto measurethesurfacediameterofan

impactcraterthanitistodetermineitsexactvolume,thecratervolume equationswere rewritten

intermsofsurfacediameter.The analysisthenproceededas follows.

F'u_ penetration depths and surface diameters of the three largest _ on ricochet

witnessplateswithundanmsed rearsurfaceswere measured(plateswiththrough-holesor only

splash damage were not considered). Second, crater volumes were calculated for each measured

crater. The crater with the largest volume, _ the most danm_ as a result, was identified and
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retained for future analysis. By considering only the most damaging crater, the diameters and

velocities subsequently c_dculated would represent upper bounds on ricochet debris sizes and

speeds. Measured crater depths and diameters, as well as calculated crater volumes, for each of

the 139 ricochet witness plates considered herein are presented in Appendix C.

In the last phase of the analysis, equations for penetration depth and c_'ater diameter were

solved for particle diameter and velocity in terms of all other parameters, such as density, yield

strength, wave speed, and so forth. Substitution of the appropriate parameter values in these

equations yielded an estimate for the size and speed of the particle that produced a particular

crater. This procedure was applied to the most damaging crater dimensions as identified

previously. The penetration depth and crater mouth diameter equations are listed in Appendix D,

some rewritten for consistency. The material property values used in these equations is presented

in Table 5.1 below.

Table 5.1 Material Property Values

Symbol

Cb

f_

f_

Sb

S

S_

Yb

Bb

Eb

Property

Bumper Speed of Sound

Projectile Density

Bumper Density

Brinell Hardness Nu_

Bumper Dynamic Hardness

Bumper Shear Strength

Bumper Dynamic Yield Strength"

Bumper Dynamic Shear Strength

Bumper Hardness

Bumper Elastic Modulus

Value

5.04

2.718

2.718

130

6.37E+10

2.83E+09

1.85E+10

2.78E+09

1.27E+I0

73.8

Units

krl_s

8m/cm 3

Sm/cm
kg/mm2

dyne_crn 2

dynes/c rnz
dynes/crnz
dynes/ n z
dynes/_'l"

GPa

Since there are 12 penetration depth equations and 6 crater diameter equations, this

method should have resulted in 72 estimates for the diameter and 72 estimates for the velocity of

each crater-producing projectile. However, equations (D. 11) and (D. 12) were not used in
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subsequent analyses became the upper limit of the velocity regime for which they are valid is

much lower than that of the other penetration depth equations. Additionally, in the process of

pairing the penetration depth and crater diameter equations, it became evident that not all

equation pairs were compatible. Because of the exponential form of the equations, certain

combinations of equations led to powers of zero for an unknown diameter or velocity. These

particular equation pairs, therefore, could not be used to solve for the unknown quantities. This

situation is analogous to finding the intersection of two parallel lines in Euclidean geometry.

Specifically, penetration depth equations with a V _ term could not he paired with crater diameter

equations having a V 2 term. Thus, in order to obtain unique solutions for particle velocity and

diameter, depth equations with a V _ term could only have been paired against diameter equations

without a V 2 term, while depth equations without a V 2_ term were paired against diameter

equations with a V 2 term.

Furthermore, even though an equation pair did produce a solution, the resultant particle

size occasionally exceeded that of the c,rater diameter, so_ by a factor of three or four.

However, it was previously shown that the heated material surrounding a high-speed impact

crater relaxes as it cools after the impact event, which can cause a reduction in crater diameter

and depth of approximately 20-25%. Therefore, while R is possible that a crater could have been

produced by a particle whose dianmer exceeded the size of the crater opening, it is unlikely that

the diameter of the particle could have exceeded the surface diameter of the crater it produced by

mere than 25%. As a result, a particle diameter value greater than 1.25 times a corresponding

measured crater surface diameter was rejected.

Figures 5.1 and 5.2 show plots of equations (D. 1-D. 10), the penetration depth equations,

and (D.13-D.18), the crater mouth diameter equations, as a function of impact velocity for the
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materialparametervaluesgiveninTable5. I. Examination of these plots reveals several

interesting characteristics of the crater depth and diameter equations.
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l) w'_ the exoeption of equation(D.s), all the promotion depth_lumions m

consistentin their_ treads.TimamUat_values,however, ean vary

significantly. Because of a lack of mrrobomtive information for the trends and values

predicted by equation (D.8), it was not considered in any ofthe _t analyses.

2) The cretin" mlUmiom appear to fall into two fairly distinct groups with regard to hot h

predictive treads u_wdi as _ values. W'_.in each group, however, the

pmdk_valum arefairlyeonsistenC

Basedontheseobservatio.sandthecoronetsmadepreviously_ thepairing

requirements of the depth and diameter equation& the following depth and diameter equation

combinations wee used to eadadate candidate rieoe_ particle velocity-diameter values:

Table 5.2 Pmetration IN_t4kam" Dimaet_ Equation Pairs

i j ....

_ Depth

EquationNo.
D.1

D.2

D.3

D.4

D.$

D.7

D.10

D.6
ll|ll

D.9

vetodty
Term

V_n

v
V _

'V m

v _
V _

V m

vL,,,
_m

ClaretDiameter
Equation No.

D.14
i

D.14
t t

D.14

D.14
I

D.14

D.14

D.14

D.13
i ii

D.13

Vdoaty
Term

V Lw

"V!.69

VLe_

'vL69

vl.19

V Io_

V m

V:m

considerations reduced the nundm" of calculated ricochet particle velocity and

diameter value pairs for each most damqlin8 crater from 72 to 9 or less. The resultin8 calculated

particle diameters and velocities corresponding to the depths and d_ of the most damaging

craters (taken from Appendix D) are given in _ E. tn Appendix E, 'Vx-y' and 'dx-y' refer

to the a particle velocity or diameter, respectively, _ted using a combination of crater depth

t

38



equation (D.x) and crater mouth diameter (D.y) from Appendix D. Grayed-out areas are

calculated particle velocity-diameter combinations that are not valid, most likely because the

calculated ricochet particle diameter exceeded the crater mouth diameter (indicated by a value of

'dx-y/d' that is greater than one.

For each test, valid particle velocity-diameter were reviewed to determine two ma×-min

combinations for subsequent regression analyses: Vm_, and the corresponding din, and Vmm and

the corresponding d_. In this manner, upper and lower bounds on velocity and size can be

formed for the most damaging ricochet debris particle to be created in a given impact scenario.

These max-rain values are provided in Appendix F.

Four empirical predictor equations for were developed using the data in Appendix F.

These equations can be used to calculate V_, dmia, Vmia, and dm_ in terms of bumper thickness

and impact parameters, and were all in the following form:

V_.L=A, _(Vp cosD0p+E ,i=max, min (5.1a, b)

v,

II C

di-2W'_ Itbl cosD0p+E ,i-max, rain (5.2a,b)

dp -_Cb) _dp)

Table 5.3 below presents the values of the regression coefficients A-E and the correlation

coefficients for equations (5.1a,b) and (5.2a, b).

Table 5.3 Parameter Values and Correlation Coefficients for Equations (5.1) and (5.2)

Equation

5.1a

5.1b

5.2a

5.2b

Quantity

Vlnax

dmin

Vmia

dll_t.X

A

0.4294

-0.6799

0.3339

0.5732

B

-1.8335

-0.08769

-1.2209

-0.02872

C

-0.2799

0.01119

-0.1002

-0.04935

D

1.0558

,0.1588

-0.4569

E

0.3384

0.5998

0.2206

-0.4978

Correlation

Coefficient (R 2)

0.417

0.712

0.254

0.747
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As can be seen fl'om Table 5.1, the equations for dmz and d,_ have reasonable R2 _

while tlmse for d,. and d,. are _ low. Thisindicatesthattlm_ isa fmrdegreeofscauer

inthecalculm_ricoc_perti_v_ _ whilethelevelof_ in_e calcuh_

dianmer_ is_ty high.Xtisnotd_ at thisamew_ythis_mommd. espe,_aUysince

both velocity anddianmer quantitieswere calculatedaimulumeouslyusingthe samedamandthe

sanm_

(SAm,b) and ($,2a, b) can be used to obtain a.bound on the velocity and diameter

hypmvelocityimpactevent.However, theseequ_ons nm_ be _ appropriately:Vm mustbe

paired with d=_ while V.._. nmst be _ with d_. This will provide, for example, upper and

lower Emits of expected ricochet particle velocity and the particle diameters corresponding to

those velocities.

Figures 5.3 throuEh 5.6 below show plots of_ (5.1a,b) and (5.2a, b) for an initial

projectile diameter of 0.795 cm, a 0.127 _ thickness, for impact velocities ranging between

3 and 8 km/s, and for initial trajectory obfiquities of 30°, 45 °, 60 ° and 75 °. In these plots, the open

tick marks represent values calculated using equations (5It, b) and (52a, b), while the solid tick

marks represent+simple _ avma&,es ofcorreaponding calculated values.

Table 5.4 below presents a comparison between the average ricochet debris particle

diameters and velocities presented in Reference [2] and the average particle velocities and

diameters calculated usin8 equations (5. la, b) and (5.2a, b) under the same impact conditions. As

can be seen from this table, the averagedi_ values predicted by the equations developed in

+

+

4

t
+

+

=

this study compare favorably with those obtained previ_. However, the average velocity

values calculated using equations (5.1a, b) and (5.2a, b) are approximately twice the values

_" : _+_-':!:++'_+_- z_-_ =_-__i_=_ _

4O

+I



reported previously. These differences and similarities serve to I) reinforce the need to explore

further the particle velocities obtained using the technique developed in this study, and 2) increase

the confidence in the particle diameter values obtained using this technique.

Table 5.4 Comparison of Average Ricochet Particle Diameters and Velocities

0. (def.)

45

60

75

dp (cm)

0.475

d_ (el-)
n mll2] Th Smdy

0.174 0.121

0.221 0.204

0.357 0.348

d,,, (cm)
Reference 12l This Study

0.203 0.164

0.258 0.224

0.303 0.285

i

Vm 0an/I)
Reference [2] This Study

2.07 4.25

2.01 4.42

2.35 4.78

V,,, (km/i)
Reference [2] This Study

2.17 4.35

2.15 4.49

2.08 4.61

8,00

7.00
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Figure 5.3 Vm, V,,x and dM, d,,x for a 30 ° Impact
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6.0 SUMMARY AND R__ATIONS

6.1 Summary

An emp_cal model that that ¢_'act_zs the secondary _ ¢mm_d by a high speed

impact on atypical aerospace structural surface has been suecessfi_ devetoped. This model

developed provides the foIlowin8 information as a ftmction ofhnpect parameters (speed, angle,

projectile diameter) and tarset plate 8eometry (e.g. thickness, etc):

• anglos _the spread ofrieoobet debris and the trajectory of the ricochet debris

cloud u_er.of-mass;
• averse velocity of the ricochet _s cloud material; and,

• velocity and mass of the largest pa_cle(s) in the ricochet debris cloud.

The angles defining the spread ofthe ricochet debris cloud and the trajectory of the debris

cloud center-of-mass were obtained using the spatial distributions of ricochet debris particle

impacts on ricochet witness plates from over 200 hish speed impact tests. The average velocity of

the ricochet debris cloud is obtained using a model that characterizes the masses, trajectories, and

velocities of the debris clouds created in an oblique hish-speed impact. This model employs the

three conservation principles, elementary shock physics theory, and fundamental thermodynamic

principles to obtain a system of algebraic equations for the various debris cloud masses,

trajectories, and velocities. Finally, relationships for crater diameter and depth are appfied to the

deepest craters in each ricochet witness plate to "back out" the diameters, masses, and velocities

of the ricochet debris cloud panicles that created these craters, This information is then used to

develop empirical relationships that predict the velocity and mass of the largest ricochet debris

cloud particle in terms of impact parameters and bumper plate thickness.
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6.2 Recommendations

Based on the work performed, the following recommendations are made for continued

activities in this area.

& 2,1 Ricochet Debris Cloud Spread Angle Modelling

1) The discrepancy between empirical observations and SPH predictions of ricochet debris cloud

spread should be explored and reconciled. It is suggested that an alternative means of defining

ricochet debris cloud spread needs to be developed, one that will allow the successful use of

'empirical as well as numerical data.

2) Thus far, ricochet debris cloud spread angle modelling efforts have focussed on characterizing

the spread of the debris cloud particles "in the plane of the impact trajectory". Future efforts

should focus on the spread of the debris cloud out of this plane.

2.2 Ricochet Debris Cloud Velocity Modelling

Efforts should continue to reduce the dependence of the model on empirical or user-

controlled parameters. A preliminary effort involving oblique shock wave theory was successfully

completed by the author [8]; however, the modelling effort was at a level of complexity that is

inconsistent with that employed in the model presented in this report. Some aspects of oblique

shock wave theory should, however, be explored and considered for implementation in the debris

cloud model presented herein.

6_2.J Ricochet Debris Cloud Particle Diameter and Velocity Modelling

The reasons for the differences between the values oftbe correlation coefficients for the

empirical diameter and velocity equations should be explored and reconciled, including the

consideration of an alternative equation form should be considered for the ricochet debris cloud

particle velocity.
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Table A-I Empirical Test Parameters and Results, Phase B NASA/MSFC Test Series

Test

No.

001A

001B

002A

002B

003A

004A

136A

136B

tb

0.203

151A

0.203

0.160

0.160

0.102

0.203

0.160

0.160

136C 0.160

137D 0.081

150A 0.160

0.203

Vp

(cm)
6.62

6.53

6.50

6.45

6.54

6.28

6.25

7.24

6.67

7.03

7.00

6.88

Op

(cm)
45

45

45

45

45

65

55

55

55
i

45

Or

(cm)

11.3

12.6

9.5

12.1

6.0

7.6

8.6

10.8

13.0

099

(cm)

26.3

26.9

23.0

26.0

20.9

25.3

25.1

29.2
i

28.8

9.6 24.7

45 11.4 24.2

45 13.5 21.5

154A 0.102 6.83 45 11.1 19.2

155A 0.160 7.02 45 12.6 18.1

156A 0.160 7.10 65 6.8 16.9

156B 0.160 65 7.7 19.2

dp

(cm)

0.795

0.795

0.795

0.795

0.795

0.795

0.635

0.635

0.635

0.635

0.635

0.635

0.475

0.475

0.475

0.475

0.475

0.475

0.475

0.635

0.635

0.635

0.635

0.635

0.635

0.635

0.635

0.475

0.475

0.475

0.762

0.762

0.762

0.762

0.762

0.889

0.889

0.635

0.635

0.635

5.95

4.15

7.40

6.53

5.54
5.98

6.67

7.02

6,55

4.33

156C

157A

162A

168A

0.160

0.160

0.160

0.081

0.081

0.081

0.081

0.081

65

6O

3O

45

45

45

45

45

45

7.1

I0.0
16.7

8.8

0.102

0.102

0.102

168B

168C

168D

10.8

169B

19.4

21.7

10.8

10.4

16.5

22.3

31.0

19.3

25.1

29.9

30.8

201A

201B

201D

5.51
7.59

5.25
ii

202C 0.102

202D 0.102 6.44

202E 0.102

203A 0.102

203B 0.102

7.19

4.79

3.65

25.1

23.3

45 8.8 23.1

45 14.3 22.8

45

45

10.8

6.2

23.3

14.6

45 6.3 16.0

7.0 21.665

65

65

65

65

65

65

65

65

65

7.2

6.8

19.8

21.0203C 0.102 2.72

203D 0.102 5.59 6.4 22.2

203E 0.102 8.1 23.56i72
3,05

4.64
0.102 8.5

8.1
203F

0.102

26.0

25.5203G o. 102

204A 0.102 4.77 8.5 24.2

204B 0.102 5.86 7.9 24.0

204C 4.25 9.0 28.2
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|1 ii

204D 0.102 0+635 ,i 3.18
4"....... 1 I

205A 0.160 0.635 4.16

20513 0.!_ ....0.635 4.61

205(2: 0,t_ -_+0._635 _ 5.30
205D 0.160 0.635 6.30

45

+45

45
"+l

45

5.3 18.4

7.9 22.6

7.5 . 22.8

•!!.6 22.6
13.3 24.5

205E 0.160 _635 3.15 45 9.9 22.2

206E - 0.!60 0.475 3.24 45 10.9 21.9

20_ 0.|60 0+475 6.15 45 9.1 26.6

207A 0.I_- 0.762 _ 5.74 65. 6.8 20.5
i ii . It | ,

20"7B" 0.160 0_2 + 56._ 65 6.2 23.4

207C 0d60 - 0.762 : 7_03 " 65 6.7 20.9

208c o:i® 0.635: 3:32 65 7.8 19.5
_ 0:i_ _)_635 s,o 65 5.8 13.1
2oss....6,1® _Os 6.47-+ 65 7.0 22.s
209A 0.160 +0,_6_5 I 4.29 65 ...... '5.8 21,4

209n o.lm o.m5 +6.55 m 6.5 24.4
:__ o.,__m+o_S +'1:m:+__._ n.o.+ 32.0
21013 0.1_60 0.889 5:69 65 7.9 23.5

210D -0.|_ + 0,859 6.93 65 ,+'!2.0 25.7

21 IB

2lID

212B
216A

216B

216C

217A

217B

217C

2171)

217E

218A
.+-+

218B

218C

221A

22111

221C

221D

222A

222B

222C

226A

22613

226(:

227A

0.i60 ++-_: $.87 45 _! !2.6 29.4
0.160 0.1189 6.97 45 13.9 28.7

i . _ i rl

0.160 0.7-62 6.27 45' ISA 28.7

0.203 0.889 5.99 45 13.2 25.2
0.203 0.889 6.54 45 12.9 25.2

0.203 .... _0.795 6.91 45 + 11.0 26.0

0. t02 0,795 6.59 45 4.6 9.1

0.I02 - 0.795 7.10 45 4.6 9.1

0.1620:6356.05 45 _S.s13.5
0.!02 0.635 6.47 45 6.2 16.4

0.102 0.635 7.14

o.u9 50.102 .$2
• - __L _ - : . " ..... +:

0.IO2 0_889 6;30

45 8.4 16.3

45 10.2 29.2

45 10.6 23.3

0.Lo2
_ n

0.102

0.102

0. !02

0.102

0.102

0.889 6.82 45 7.6 23.7

45 I

45

45

0.475 6.42
0.475 5.93

0.475' 4.60

0.475 4.08

0.318 5.60

45

45

0.102 0.318 + 5_03 45

0. !02 0.3 ! 8 3,33 ..... 45
0.1_+i 0.635 _'.4_ ' I 45

8.0

24.2
i

28.7

22.3

3.5
i

9.7

11.4

10.9

7.6

!2.8
11.0

6.6

0.081 _ 0.63 5.49 45 10.0

0._1 : 0.635 6.73 _i_ t55o
0.081 0.635 5.58 45 8.3

19.7

25.7

23.5

16.4

23,5
i i

23.3

26.0

2,+

I

t

1

5O

• J



227B

230A

23O13

230C

230D

230E

231A

231B

231C

231D

301-

303,

303A

303B

306-

319-

320-

321-

324-

325-

326-

333-

334-

335-

336-'

336A

337-

338-

339-

0.081 0.635

0.160 0.475

0.160

0.160
i ii

O.160

0.160
i

0.160

0.160

0.160

0.160

0,160

0.160

0.160

0.160

0.160

0.102

0.160

0.203

0.102

0.160

0.203

0.102

0.102

0.102

0.102

O. 102

O. 102

0.102

0.102

0.475

0.635

0.635

0.635

0.475

7.19

4.41

3.23

5.18
i

5.55

6.57

3.34

45

45

45

45

45

45

65

0.475 2.44 65

0.795 6.59 65

0.795 7'26
if

2.94
1 i. l

4.65

3.72

4.42

6.35

2.99
i rl

3.08

3:Oli
4.12

2.93
i

3.66

4.i2

4.54

5.76

6.55.

0.635

0.795

0.795

0.795

0.953

0.795

0.795

0.795

0.795

0.795

0.795

0.475

0.475

0.635

0.635 !

0.635

0.795

0.795

0.953

65

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

45

13.8

18.8

10.8
i,

11,2

10.4

12.7

5.4

5.9

8.1

9.4

9.0

9.6

8.2 i
8.5

10.1

8.4

9.8

8.4

9.3

8.7

11.0

9.6

10.6

9.4

9_9

12.5

6.90 45 12.2

7.02 45 12.4

45 8.5

i

25.6

23.9

21.8

26.6

27.0

24.9

19.4

27.2

20.9

23.3

19.3

21.0

17.5

18.3
i

18.4

20.0

22.6

23.3

24.0

23.3

25.2

25.5

24.0

23.1

20.9

24.2

25.0

25.2

26.9

51



Table A-2 Empirical Test Parameters and Results, Phase C/D NASA/MSFC Test Series

Test t. d, V, e, -_
No. _.__) (cm) i. Ccm) __ , (m)

4001'A 0.203........ -,,_,,,./0'795 3.15 45_ --i3.6 33.7

4001-B 0_203 '_ 0,79. S: . 4.29 45. _ 12.3 _'8_:4

4001-C 0i203 -o.795 " 6.12 " 45 i- 12.1 ' 33.7
40010 0,203 0.795 6.71 45_ 16.5 33.0

4002-A 0,203 0.795 3.20 75 - 7.4 22.1

4002-e 0.203 1 0,7951 ' 3._ . i __ 75 7.9 26.6

i " rr400242 . _ 0_795 6,30. 75 6.2 2L8

4002-D 0.!60 :-_0.795 7.14 757.0 20.9

4003-A "OJ6_ _,-_395:" 3.43_: 4_ I1.2
4003-B .0_ i_ 0.7§5: 6.29 : 45 14.6

4oo c
4003_D

4004-A

4004-B

4!00-A

410_B

0.203 i 0395 " 3.18 '" '-' 45 13.3

_:_<0,795 6.22.......:' ,_: iZl
'_O.795 3.19 :75 _5.6

I6.7

32.3
i

34,9

29.5

31.5
1s.6

410042

4100-D

4101-A

4!01-B

410142

_,_WS,: 6.os i : -:__ 18,3 26.o

0.127 _:i'_OA_/5 3.00 4fl I1.1 25.3

: 5__475 3.78 . _ °t2.4 29.9

23.3

28.4

27.0

30.4

28.4

410t-D

4102-A

4102-B

410242

4102421

0,1.2'7 :-0,475_ 5,66 4_5-7.6
0.127 0,4-75 7.20 45 17.3

0.127 >0.635 3,14 45 - 9.5

0.127 -_635 4.13 45 tt.6

0.I27 .: 0,635_ 6.14 45 9.0
....... i i

0.127 :_5_ 7.52.. 45i 12.8 28.4

0.127 "-0.795 " 2.95 45 8.3 18.6

0.127 _ 0.795 4.12 45_ 5.2 14.3
0.127 0.795 6.24 45 6.7 19.2

• i

0.127 0.795 6.05 45 11.3 29.5

4102-C2 0.127

4102-D 0,127

4103-A 0.127

4103-B 0.127

0.127

0.795 6.3 19.0

0.795 6.4 19.3

0.475 10.4 25.8

0.475 7.9 25.I

0.475 20.0 37.4

0._27" 0.475
0.127 0.635

4103-C

4103-D

4104-A

6.02

7.18

2.94

3.98

5.88

7.37

7.23

0.127 0.635 4.19

0.127 0.635 6.12 60

0.127 0.635 7,52 6O
0.!27 _ 0.795 2.92 60

, = 60 I0.127 0,795 2.98

45

45

6O

6O

60

60

60

6O

5.5

9.5

s.1 i
8.0

15.9

4.9

7.6

13.7

29.1

27.6

28.9

29.5

21.0

23.5

4104-B

410442

4104-D

4105-A

4105-A1

I

1

|
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4105-B 0.127 0.795 4.02 6O

604105-C 0.127 0.795 6.15 7.6

4105-D 0.127 0.795 7.23 60

4106-A 0.127 0.475 3.05 60

754106-A1 0.127 0.475 3.10

4106-B 0.127 0.475 4.12 60

4106-B1 0.127 0.475 3.99 75 ,4.I

4106-C 0.127 0.475 5.95 75 4.3

0.127 0.475 75 5.84106-D

0.635

0.635

4107-A

7.56
i

3.05

4.114107-B

0.127 75

750.127

7.6
i

9A

4.8

12.7
i ii

6.5

5.8

4107-C 0.127 0.635 6.20 75

4107-D 0.127 0.635 7.64 75

4108-A 0.127 0.795 3.12 75

4108-A1 0.127 0.795 2.95 75 5.4

750.1274108-B 0.795 3.97

6.0

6.1

7.0

6.7

4108-C 0.127 0.795 5.96 75 6.9

4108-D 0.127 0.795 7.07 75 6.5

4109-A 0.203 0.475 3.27 45 14.7

4109-B 4.140.203 450.475 15.3

13.2

25.1

24.8
i

25,.5
26.8
16.3

i

28.7
i i

16,1

19.0

22.4

22.8

" 24.9

20.6

23.0

22.6

18.7

22.8

23.5
1

22.6

39.4

31.8

29.54109-C 0.203 0.475 6.53 45

4109-D 0.203 0.475 7.46 45 25.6 34.8

4110-A 0.203 0.635 3.25 45 16.1 32.3

4110-B 0.203 0.635 4.00 45 22.3 32.3

4110-C 0.203 0.635 5.76 45 18.4 30.6

4110-D 0.203 0.635 6.96 45 17.5 33.6

4111-A 0.203 0,795 2.85 45 19.3 33.0

4111-B 0.203 0.795 3.94 45 17.6 35.0

4111-C 0.203 0.795 5.97 45 20.9 35.5

4111-D 0.203 0.795 '6.81 45 18.4

0.203 3.33

4.05

5.87

7.50

2.97

3.77

6.30

0.203

0.203

0.203

0.203

4112-A

4112-B

6O

6O

6O

60

6O

6O

6O

6O

4112-C

4112-D

4113-A

0.475

0.475

0.475

0.475

10.2

8.9

12.8

14.4

7.1

12.1

10.1

0.635

0.635

0.635

4113-B.

4113-C

0.203

0.203

4113-D 0.203 0.635 7.12

4114-A 0.203 0.795 3.13 60

4114-B 0.203 0.795 3.98 60

4114-C 0.203 0.795 60 13.3

10.2

9.5
i

12.4

10.0

7.0

6.1

60

75

75

5.92

4114-D 0.203 0.795 7.40

4115-A 0.203 0.475 3.13

4115-B 0.203 0.475 4.08

36.9

29.1

26.8

31.0

28.0

29.8

41.0

28.0

31.0

27.8

32.0

28.9

31.8

19.5

13.1
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4115-C 0.2030.475 6.06

4115-D O._Y3 "_6.475 7.30
T i i

4116-A 0.203 0.635 2.92
4|16-B 0._13 _0;635 . 4.48

i

4116-C * 0.203* 0.635 6.24
J , • ,,41_6-D 0.203_ 0.6357.36

4is7-^ 0._310.795i!3.1_
41-17-B 0,7_3 i .;0.'_5: 4.05 " 75

4117-C 0.203 0.795 6.03 75

4117-D 0.203 0.795 7.20 75

75 9.3 30'.0
i

75 6.0 24.7
ii

75 4.4 17.5

75 8.7 27.4

75 5.8 2O.3
75 7.3 22.8

i

75 5.3 18.0
7.7 22.6

6.5 26.9

6.8 25.5

_t

t

1
1

t
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Table A-3 Empirical Test Parameters and Results, NASA/MSFC EH Test Series

Test _ dp
No. (_,_) (-_-)

EHIAA j 0.160 ! 0.795

EHIAB 0.160 0.795
ii

EHIB iO.160 0.795
i

S_lep o.16o
EHIC _, 0.160

 lCp 0.1 o.475
0.795

0.795

EHID O. 160
i H

10.16o
0:160

ii

Em 3 ii
EHRP4 0.160

EHRP5 = 0.160

EHRP6 : .

EttRP7 0.160

EHRP8 !_ 0.160

n-nu,9 o.16o
EHSS4C [ 0.160

Vp ep o, on

(cm) (cm) (cm) (cm)
6.93 75 9.5 31.1

6.91 75 7.4 27.2

6.82 75 9.3 29.8
i

7.01 45 15.5 29.3

0.635 7.22 75 6.6 27.5

0.795 7.17 60 10.6 27.9

7.52 75 8.2 25.1

7.16 75 7.9 29.0

6.93 24.2

0.795 6.85

0.795 6.83

0.475

0.635 7.71

0.635 7.56

0.635 7.63

8.04

0.475

0.475

0.635

7.39

7.34

5.58

60 10.6

65 8.7

45 12.5

60 10.8

65 13.0

45 11.5

60 18.5

45 11.9

65 13.8

45 9.9

21.2

27.7

26.0

30.1

24.5

30.8

27.2

34.1

28.9
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Table B-1 SPH Numerical Simulation Parameters and Results

Test

No.

SPH-01

tb

(c,,,__)
0.160

0.160SPH-02

SPH-03 0.160

SPH-04 0.160

SPH-05 0.160

0.160

dp

(cm)
0.635

0.635

0.635

SPH-06

SPH-07 0.160 0.635

0.160 0.635SPH-08

SPH-09 0.160

(kin/s)
7

0.635 11

0.635 11

0.635 11

0.635
T

0.953SPH-10 0.160

SPH-II 0.160 0.953

SPH-12 0.160

0.160

0.953

0.953SPH-13

SPH-14 0.160 0.953

SPH-15 0.160 0.953

SPH-16 0.160 0.953

SPH-17 0.160

SPH-18 0.160

0.160SPH-19

SPH-20 0.160

SPH-21 0.160

SPH-22 0.160

0.160

0.160

0.160

0.160

0.160

SPH-23

SPH-24

SPH-25

SPH-26

SPH-27

SPH-28

0.953

0.953

1.270

1.270

1.270

1.270

1.270

1.270

1.270

1.270

1.270

0.7950.127

SPH-29 0.127 0.795

SPH-30 0.127 0.795

0.127 0.795SPH-31

SPH-32

SPH-33

SPH-34

0.127 0.795

0.795

1.113

0.127

0.127

SPH-35 0.127 1.113

SPH-36 0.127 1.113

0.127 1.113

0.127

SPH-37

SPH-38

SPH-39

1.113

1.1130.127

Op

(dez)
45

7 60

7 75

45

60

75

45

60

75

45

7

7

7

7

7

11

11

11

15

15

15

9

9

9

13

13

13

9

9

9

13

13

13

15

15

15

7

ll

II

11

15

15

15

Or

(dez)
24

13

60

75

45

60

75

45

60

75

45

60

75

45

60

75

45

60

75

45

6O

75

45

60

75

45

60

75

45

60

75

(deg)
40

28

4 |1

21 39

12 29

5 10

17 33

12 23

4 11

16 40

12 26

5 12

28 40

12 21

4 11

20 40

10 22

5 13

25 41

14 25

6 14

23 40

10 24

5 14

19 39

11 20

4 10

18 40

11 20

5 12

24 41

13 23

8 14

20 41

13 23

5 14

24 41

13 25

6 14
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Test

No.

O01B

002B i

201Aj
20SAI

20SC

205D

205E

206E

206F

2lIB

211D

212B

216A

216C

217A

217B

217C

217D

217E

218A

218C

221B

221C

226A

226B

227A

22711

230B

230C

230D

230E

301-

303-

303A

303B

319-

321-

324-

325-

326-

333-

Table C-1 Measured Crater Depths and Diameters, Calculated Crater Volumes
Phase B NASA/MSFC Test Series

v,
(kin/s)
6.56

6.51

4.33

4.20

5.30

6.42

3.15

3.24

6.42

5.88

6.84

6.38

6.10

6.96

6.65

7.10

6.05

6.47

7.14

5.82

6.88

5.97

4.62

4.48

5.49

5.64

7.25

3.23

5.16

5.51

6.62

2.95

4.59

3.65

4.34

2.93

2.97

4.05

4.14

4.22

2.88

0p dp tb Pt dt Volt Pa dz Vo12 P3 d3

(deg) (cm) (cat) (m) (m) (xl04cm 3) (m) (m) (xl0"¢m _) (cm) (era)

45 0.795 0.20 0.042 0.095 0.020 0.043 :0.088 0.017 0.046 0.101

45 0.795 0.16 0.033J 0.113 0.022 0.040 0.095 0.019 0.041 0.088

45 0.635 0.10 0.026 0.055 0.004 0.028 0.071 0.007 0.026 0.056

45 0.635 0.16 0.037 0.084 0.014 0.018 0.099 0.009 0.048 0.088

45 0.635 0A6 0.018 0.071 0.005 0.033 0.071 0.009 0.024 0.082

45 0.635 0.16 0.018 0.074 0.005 0.029 0.092 0.013 0.024 0.062

45 0.635 0.16 0.023 0.089 0.010

45 0.462 0.16 0.012 0.070 0.003 0.0'14] 0.048 0.002

45 0.475 0.16 0.037 0.061 0.005 0.006 0.052 0.001

45 0.889 0.16 0.058 0.105 0.025 0.035 0.089 0.015 0.047 0.101

45 0.889 0.16 0.052 0.105 0.030 0.024 0.111 0.015 0.035 0.091

45 0.762 0.16 0.031 0.096 0.015 0.026 0.081 0.009 0.019 0.091

45 0.889 0.20 0.058 0.101 0.023 0.038 0.112 0.025 0.039 0.067

45 0.795 0.20 0.045 0.119 0.033 0.058 0.131 0.052 0.045 0.103

45 0.795 0.10 0.036 0.098 0.018 0.028 0.099 0.014 0.029 0.099

45 0.795 0.10 0.077 0.092 0.026 0.032 0.076 0.010 0.031 0.076

45 0.635 0.10 0.036 0.076 0.011 0.029 0.068 0.007

45 0.635 0.10 0.029 0.088 0.012 0.026 0.072 0.007

45 0.635 0.10 0.018 !0.071 0.005 0.031 0.058 0.004

45 0.889 0.10 0.040 0.115 0.028 0.036 0.087 0.014 0.042 0.096

45 0.889 0.10 0.063 0.121 0.036 0.032 0.098 0.016 0.031 0.072

45 0.475 0.10 0.020 0.076 0.006 0.029 0.058 0.004

45 0.475 0.10 0.012 0.032 0.001

45 0.635 0.08 0.004 0.062 0.001

45 0.635 0.08 0.015 0.052 0.002 0.027 0.098 0.014

45 0.635 0.08 0.102 0.085 0.029 0.030 0.085 0.011 0.020 0.085

45 0.635 0.08 0.027 0.082 0.010

45 0.475 0.16 0.036 0.085 0.014 0.038 0.086 0.015

45 0.635 0.16 0.024 0.081 0.008 10.030 0.090 0.013 0.021 0.088

45 0.635 0.16 0.023 0.086 0.009 0.045 0.088 0.014 0.028 0.063

45 0.635 0.16 0.043 0.112 0.028 0.021 0.06'5 0.005

45 0.635 0.16 0.026 0.086 0.010" 0.027 0.084 0.010 0.0120.076

45 0.795' 0.16 0.062 0.082 0.016 0.046 0.081 0.012 0.078 0.101

45 0.795 0.16 0.016 0.131 0.014 0.031 0.088 0.013 0.022 0.081

45 0.795 0.16 0.040 0.086 0.015 0.033 0.085, 0.012 0.075 0.074

45 0.795 0.10 0.042 0.061 0.006 0.029 0.084 0.011

45 0.795 0.20 0.071 0.091 0.023 0.043 0.098 0.022 0.026 0.069

45 0.795 0.10 0.01610.101 0.009 0.025 0.088 0.010 0.018 0.085

45 0.795 0.16 0.026 0.088 0.011 0.029 0.084 0.011 0.036 0.073

45 0.795 0.20 0.105 0.151 0.094 0.076 0.138 0.057 0.060 0.131

45 0.475 0.10 0.020 0.068 0.005

Vo13
(zlo 4 m_3

0.025

0.017

0.004

0.015

0.008

0.005

0.025

0.015

0.008

0.007

0.025

0.015

0.009

0.020

0.008

0.008

0.009

0.006

0.004

0.031

0.008

0.016

0.006

0.007

0.010

0.054
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Test

No.

4001A

4001B

4001C

4001D

4002]$

4002D

4002E

4003A

4003]$

4003C

4003D

4004A

4004B

4101A

4101B

4101C

4102A

4102C

$102C1

4103A

4103B

4103C

4103D

4104A

4104B

4104C

4104D

4105A

1105AI

4105B

4106A

;106AI

4106B

_I06BI

4106C

4106D

4107A

4107B

4107C

4107D

4108A

Table C-2 Measured Crater Depths and Diameters, Calculated Crater Volumes
Phase C/D NASA/MSFC Test Series

Vp

0ows
3.15

4.29

6.12

6.71

3.97

7.14

6.41

3.43

6.29

3.18

6.22

3.19

6.08

3.14

4.13

6.14

2.95

6.24

6.05

2.94

3.98

5.88

7.37

7.23

4.19

6.12

7.52

2.92

2.98

4.02

3.05

3.10

4.12

3.99

5.95

7.56

3.05

4.11

6.20

7.64

3.12

Op

(dee'
45

45

45

45

75

75

75

45

45

45

45

75

75

45

45

45

45

45

45

60

60

60

60

6O

60

6O

60

6O

6O

6O

60

75

60

75

75

75

75

75

75

75

75

dp

(cm]
i

0.79:

0.79.'

0.79.'

0.79.'

0.79._

0.79.'

0.79;

0.79.'

0.79.4

0.79._

0.79.4

0.79_

0.79_

0.63_

0.635

0.635

0.795

0.795

0.795

I).475

I).475

9.475

_.475

[).635

3.635

).635

).635

).795

).795

).795

).475

).475

).475

).475

).475

).475

).475

).635

L635

).635

).795

tb

(em:
0.:2¢

0.2{]

0.2{]

0.2{]

0.20

0.16

0.20

0.16
0.20

0.20

0.20

0.20

0.20

0.13

0.13

o.i3

0.13

0.13

o.1'3
0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.13

0.1'3
0.13

0.13

0.13

[).13

[).13

_.13

3.13

[).13

Pl

(em)
i i

0.02]
r

0.05:

o104:
0.02_

0.194

0.50(

0.50C

0.041
o.052
0.019

0.058

0.211
ii

0.291

0.029

0.029

0.041

0.031

D.042

 .o35
[}.006

3.067
3.041

3.053

).051

).049

).079

).051

).071

).057

).139

).052

). 128

)i044

).!!8

}.129

).160

).106

).i61

).238

).254

).214

dl

(cm]
0.08:

0.10:

0.131

0.I0_

0.28_

0.22{

0.20_

0.08(

0.06. (

0.091

0.075

0.202

0.151

0.065

o.o55
0.124

0.084

3.088

0.131

t).042

[).134

3.086

3.118

3.115

).136

).114

).124

LIII

).117

).117

).I02

).131

}. 105

).181
}.186

}.241

).214

}.263

).174

).164

).406

(xl04cm _) (cat) (era)
ii iii

0.008

0.022

0.0445

o.o16
0.606

1.003

0.817

0.016

0.009

0.008

0.014

0.338

0.261

0.006

0.011

0.033

0.011

0.017

0.031

'o.'ool
0.047

o.016
o.o39
0.035

0.047

0.040

0.01| 0.08_

0.03_ 0.089

0.07_ 0'.I19

0.04_ 0.104

0.174 0.184

0.319 0.161

0.314 0.137

0.04C 0.082

0.035 0.091

0.032 0.088

0.029 0.095

0.124 0.251

[}.261 0.201

Z035 0.076

_.015 0.105

3,041 0.088

o.110
3.062 0.065

).042 0.119

31026 0.109

).040 0.135

).083 0.I 16

).o68o.ou
).o_7 o.152

o.041:: ).o37O.lOi
0.034

, ii.,i, i,

0.041
i i

0.075

0.021

0.086

0.025
0.152

0.175

0.365

0.254

0.437

0.283

0.268

1.385

I;065 0.165
i

).062 0.118

).070 0.174

).039 [LIOI

);ll$ _.112
).025 }.118

i

).128 _.191

).091 _.221

).241 3.1_,9

).12"1 ).274

).132 ).221

).185 ).221
I

).301 ).175
i

).266 1.229 i

I I I

VoI, p_
IxtO'*m') (m3

0.007 0.0_

0.014 0.03{

0.041 0.031

0.O23 0.03._

0.231 0.214

0.325 0.301

0.231 0.38l

0.014 0.024

0.015 0.025

0.013 0.035

0.014 0.03_

0.409 O.155

0.414 0.23(]

0.011 0.135

0.009

o.o 7 01041
0.029 0.062

0.010 0.032

0.031 D.042

0.016 3.043

0.038 _).038

0.044 3.058

0.019 3.037

0.081 ).051

0.020 ),054

0.093 ).115
0.034 ).090

0.III ).053

0.021 ).039

0.058 ).127
0.018 ).058

0.183 ).091

O.233 1.058

0.210 1.066

0.476 }.104

0.253 ).124

0.355 ).191

0.362 ).218

0.548 L139

(m}
0.1_

0.09¢

0.10]

0.08_

0.161

0.13_

0.18_

0.081

0.06._

0.071

0.101

0.232

0.191

0.074

0.081

0.081

0.081

0.104

_}.078

3.088
3.074

3.081

). 136

).095

).204

).126

).148

).I16

).i85

).091

).131

).196

1.159

).085

).194

).I15

).139

).204

Volt)
(xto cm J

0.024

0.017

0.020

0.013

0.218

0.211

0.523

0.008

0.006

0.008

0.018

0.328

0.329

0.029

0.011

0.016

0.011

0.024

0.010

0.015

0.012

0.013

0.049

0.019

0.188

0.056

0.061

0.027

0.171

0.019

0.061

0.117

0.087

0.030

0.183

0.099

O.165

0.227

61



0.186

0.121

0.075

0.08i

0.123

0.091

0.I16

O'119

0.056

o,1 5
0.069

0,087

0.I12

0.079

0.169

0.081

0.115

0.075

0,092
O.129

0,085

0.138

0;:118

0.181

0.192

0.I01

0.125

O.129

0.177

0.141

0.2o5
0.078

0.008

0,06_

0.013

O.O4O

0,010

0.019

0,024

0.017

0.056

0.012

0.013

0,049

0.025

0.104

0.022

0.055

0.024

0.016

0.055

0.039

0.104

0.038
i

0.117

O.240

0.056

0.085

0.117

0.402

0.180
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L

Table C-3 Measured Crater Depths and Diameters, Calculated Crater Volumes
NASA/MSFC EH Test Series

Vp Op dp tb [ Pn dt

(km/s) (de_ i (cm) (cm) [ (cm) (cm)

6.91 _'- _0.795 0.16[0.615 0.734

7.22 7_* !o.635 o.16Io.495 0.650
7.58 -- 0.475 0.16[0.3s6 0.599
6.87 60 10.795 0.16 ]0.140 0.254

6.80 65 ]0.795 0.16 ]0.371 0.632
6.78 45 ]0.795 0.16 10.16510.368

7.65 60 ]0.635 0.16 ]0.152 0.279

7.51 65 10.635 0.16]0.305j0.528

7.57 45 10.635 0.16]0.097]0.201

7.98 60 ]0.475 0.16 [0.323]0.488

7.34 45 10.4750,16]0.155]0.262
7.29 J 65 [0.475 0.16 ]O.lO8]O.221
5.53 I 45 ,]0"635 0.16]0.078]0.126
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Penetration Depth Equations

p/d=2.28(pp/pO_(Vp/Cb)_

p/d= 1.96(pp/_)_(Vp/Cb)_

p/dp= 1.50(pp/pb)lfJ(ppVpZ/2Sb)Ifj

p/dp = 2.35(pp/pO°'7°(Vp/Cb)_

p/dp ffi 0. 63 (ppVp2/Syt) I/3

p/dp ffi 0.428(pp/Pb)°'537(Vp/Cb)°'576(yJPbCb2) "e'=5

p/dp = 8.355x10"4pp2/3pb-1/3(Vp2/I'Ib) 1_

p/dp ffi 2.00(pp/pb)4"52(Vp/Cb) ]/]36

p/dp ffi 0.311 (pp/pb) °'lT(ppVp2/Sb) 1/'3

p/dp-- 0.36(pp/Pb)a/3(ppVp2/Bb) I/3

p ffi 2.973x I 0"7_ t'lI'Ib'°'aSfb°'Spb'°']6_V _

p ffi I. 129x10"6dpt'°_Hb'°aSpp°'Spb'°'t67_'°'33V_

Crater Mouth Diameter Equations

czd2p/dp3= 34(pp/pb)3f2(Vp/Cb)2

otd2p/dp3ffi0.120(pp/pOln(_V_/Sb) °'us

ad2p/dp3= 30.25(pp/pO3n(Vp/Cb)2

ad2p/_ 3= 44.10(p_/pb)3f_(Vp/Cb)2

ad2p/dp3ffi2.65x10"9_7_pb"nVp¢3/Fib

ad2p/dp3= 0.16(pp/pt)_ppVp2/Bb

where a=0.75 ifp>d/2 and affil.00ifp<d/2.

[9]

[1o1

[ill

[12]

[131

[141

[15]

[16]

[17]

[18]

[19]

[19]

[20]

[17]

[10]

[12]

[15]

[18]

00.1)

00.2)

00.3)

(D.4)

00.5)

00.6)

00.7)

00.8)

00.9)

00.1o)

0).11)

(D.12)

(D.13)

00.14)

00.15)

00.16)

00.17)

(D.18)
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0.181
001B 0.11_
002B
201A 0.O7'
205A

205C 0.08,
205D
205E

206E 0.03(
206F
211B
211D
212B
216A
216C
217A 0.091
217B
217C 0.091
217D
217E
218A
218C
221B 0.051
221C
226A 0.01(
226B

227A
227B
230B
230C
230D 0.114
230E
301-
303-
303A 0.041
303B 0.191
319-
321-
324-
325-
326-

0.051
334- 0.03(:
335- 0.04E

V7-14

2.833

1.119

3:229

2.360

3.649

0.941

V10-14

7.520

4.878

3.556

8.766

5.394

2.130

6.149

1.348

1.689

67

D10-14/d

0.395

0.319

0.5t3

0.298

0.280

0.561

0.546

V2-14

3.828

2.097

1.989
2.531

4.549

1.116

1.306

2.590
1.416i

0.967

0.861

6.255

0.189

lY2-14/d

0.395

0.537

0.552
0.488

0.362

0.742

0.685

0.482
0.657

0.799

0.847

0.307



_;_ _k_ ¸ : : :
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'i
\

_J

.... I0.051
1 338A I0.06|
.... [0.OB_
..... 10.06(
I 4001A IO.OgS
I ,IO01B 10.13'
1 4001C n 11_
1 4001D 0.10,_
I 4002B 0.49"
I 4002D 1.27(

I 4002E 1.27(
I 4003A 0.10_
I 4003B 0.08E
i 4oo3c 0.081
1 4003D 0.084
i ,mO4A 0.31E
I __B__4B 0.66_
[ 4101A 0.074

I 4101B 0.34_
r 41OLC 0.104
I 4102A 0.104
1 4102C 0.117
14102C1 0.08_
1 4103A 0.015
I 4103B 0.17G

0.104
0.135

4104A 0.211

! 4104B 10.124
4t04C 0.170

I

4104D 0.130
I

4105A 0.292
4105A1 I0.229

4105B 0.178
4106A 0.099
4106A1 0.325
4106B 0.112
4106B1 0.325
4106C 0.231
4106D 0.406
4107A 0.307
4107B 0.409
4107C 0.470
4107D 0.765
4108A 0.544
4108A1 0.815
4108B 0.638
4109A 0.025
4109B 0.043
4109C 0.053
4110A 0,114
4110B 0.081
41t0C 0.046
4110D 0.076
4111A 0.061
4111B 0,160
4111C 0.130
4111D 0.132

7]



1

-j



V

I |elM[ No.

J EHAB 0.615

I EHPB 0.495
I FHPC 0.386
I EHRP1 0.117
I EHRP2 0.371
I EHRP3 0.165
I EHRP4 0.216
I EHRPS 0.330
I EHRP6 0.114
_ EHRP7 0.323

I EHRP8 0.137 i
I EHRP9

IEHSS4C 0.188!
i I]I]IH 0.1171

002B 0.0841
201A 0.071]
205A 0.1221
205C 0.0841
205D 0.0741
205E 0.0581

I

206E i 0.0301

206F i 0.094 I
211B 10.1471

i

211D I 0.1321
i

212B i 0.0791
216A I 0.0971
216C I 0.1471

i

217A JD.091 I
i

217B I D.1961
i

217C ID.091 I
i

217D I :).074 I
217E I :).046 I
218A I :).1021
218C I :).1601
221B I :).051 I

221C j :).030 I
226A I :).0101
226B I :).069 I
227A I 3.259 I
227B ! 3.0691
230B I 3.097i
230C I 3.0761

230D I 3.1141
230E I 3.1091
3ol- t 3.0661

i

303- I 3.198 I
i

303A I 3.0411

303B I 3.1911
319- I 3.0741

J

321- t 3.180 I
324- I 3.0641
325- I 3.0661

t

326- t 3.2671
t

333- I 3.0511
i

334- I 3.030 I
335- t 3.0481

V3-14

0.148

1.181

0.703

4.059

0.751

0.357

0.375

0.195

0.280

0.084

0.244

D3-141d V9-13 D9-13 Dg-13/d V6-13 I I36-13

0,756

0.394

0.564

0.168

0.491

1.192

1.641 0.291 0.430

7.931 0.043 0.151 --
0.999 0.120 0.666

4.683 0.221

2.819 0.090 0.317

1.630 0.117 0.489

3.446 0.061 0.275

2.375 0.358

1.414 0.519

3.467 0.057 0.274

3.185 0.066 0.291

1.202! 0.166
6.246' ' 0_03_)! 0.180

2.501 0.074 0.346

9.592 0.030 0.132
7,319 0.036 0.160

7.551 0;027 0.157
1.136 0.048 0.608
9.71 0.022 0.131

73

1.352 0.142

2.216 0.150

3.175 0.084

1.136 0.184

1.975 0.1

5.693 0.038

1.701 0.089

1.067 0.183

2.431 0.127
9.593 0.036

1.479 0.105

2.467 0.083

6.527 0.015



V9.13 0e-13 09.13/d V6-13 I)6-13

9.711 O.131
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3,185 0.051
0.036
0.121
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TableF-1CalculatedRkochetPart_le Max-Min Combinations
Phase B NA$_FC Test Series

Test

No.

001B

007_,, o ,,:
201A

205A 4.20

Vp

6.56

4.33

e, d,
(d_ (m)
45 " 0.795

,:4.5...._795
45 0._5
45 0.635

tb
(era)
0_203

#A60.
o.!o2
0.160 1.3o6

205C

20S'D

206F

21111

211D

212B

216A

216C

217A

5.30 45 . 0.55 . 0.1.60 6.!49__
. ,a _m. ,j I. . .

• 6:42 45 _ 0.635 0.i_t0 i 4.683

6.42 45 " 0:475 . 0.160- 2.590
5.88

6.84

6.38

6.10

6.96

6.65

45

45

45

45

45

45

0.889 0.160

0.889 0.16O

0.762 0.160

0.889 0.203
0.795 0.203

Q:_95 O.lO2

[ V-- d.t, V_,
:(k_s (___, (kin/s)

5.394 0.082 2.833

_ _._ 0_3 i 7._1
2.130" 0.093 0.999

0.153 1306

0.054 3.229

0,052 4.683
h I I IJ

1.416

9.261

3.965

2.819

4.495

L630

0.075

0.175

0.065

0.061

0.090

0.117

0.117

1.296

1.416

4.863

3.965

().807

d_
(cm)
0.118

0.04.3
i

0.120

0.153

0.077

0.052

0.I10

O. 175

1).()93

().()61

(t.2441

2.360 (}.168

1.348 0.162

21_s _ 7.10 45
217C 6.05.. 45
2171) 6.47 45

218A 5.82 45
i

218(2 6.88 45
i

221C 4.62 45

_ 0.102 4.785_ 0.0S9
0£5 0.102 6.950 0.054

.0._5. 071_ 3._ 0.061
o._ - 0.I02 2.375_- o.i05
0.889 0.102 0.967 0.245
0,_4:7.5 0,102 1.539 0.049

1.181 0.195

3.649 0.078
i i

3.446 0.061

0.947 0.227

0.967 0.245

0.808 0.071

i

230B

230C

230E

301-

303-

_m3B

319-

321-

324-

37.$-
it

326-

333-

334-
M5-

336-

336A

337-

.2_ •

3.23
5.16

i

5.51
i

6.62

2.95

4.59

4._
2.93

2.97
i i •

4.05

4.14
i ii

4.22

2.88

3.61

4.07

4.47

5.70

6.81

45

45
r ii i

45

45

45

45

45

45

45
i

45

45

45

45

45

0._5 _1
0.475 _ 0,t¢,0-
0.635 03_I)

0,_5 :_ o.86!
0.635 0._ _ 1.792

0.635 0.i60- 6.246

0.795 0,160 6.160 "

0.795 O.tfKt 4.059

....... 2.10.795 0.102

0.795 0.203 6.580

0./95 0.102 9.592
. _ 1[ _

0.795 0.t_ 7.319
0395 0.203 6.255

0.475 0.102 7.551

3.467_ 0,057- 0.665

4.437:0.077 2.330

3.185- 0,066 0.720

0.[89 _ 0.861

0.160

0.039

0.082

0.084

[0.074
0.072

1.202

6.246

2.125

4.059

O. 194

0.111

0.204

0.189

0.166

0.039

Ill _[ I I I _ _

45 0,475 0.102 l._ 0,043 t.t36

45 = ;0.05 0,f02 - 9.7ti] 0,022 - 9.711
45 0:6,_5 0.102 3.185 0.051 3.185

45 "_)_635 " 0,I02 7.!09 0,038 7.109
I] IIII

45 0.795 0.102 1.657 0.129 1.307

0.150

0.084

0.903 O. 170

2.270 0.131

0.030 9.592 0.030

0.036 7.319 0.036

0.118 1.080 0.317

0.027 7.551 0.027

0.048

0.022

0.051

0.038

0.121

78

_t

L_

[



Test

No.

4001A

Table F-2 Calculated Ricochet Particle Max-Min Combinations

Phase C/D NASMMSFC Test Series

v,
(km/s)

3.15

(deg)

45

dp
(cm)
0.795

tl,
(em)
0.203

WE

(km/s
1.954

 cm)
0.114

Vmta

_km/s)
1.137

dlllllx

(cm)
(I. 196

4001C 6.12 45 0.795 0.203 3.707 0.09 i 3.707 0.09 I

4001D 6.71 45 0.795 0.203 1.813 0.147 1. 187 (). 155

4002B 3.97 75 0.795 0.203 5.836 0.228 2.921 0.337

45 0.795 0.160 7.244 0.060 3.8O43.43 0.086

6.29 45 0.795 0.203 1.813 0.129 0.952 0.185

3.18 45 0.795 0.203 1.748 0.100 1.262 0.150

6.22 45 0.795 0.203 3.656 0.068 3.656 0.068

3.19 75 0.795 0.203 9.115 0.156 4.787 0.224

3.14 45 0.635 0.127 4.723 0.056 2.298 0.066

6.14 45 0.635 0.127 3.368 0.088 3.368 0.088

2.95 45 0.795 0.127 6.246 0.066 3.280 0.095

6.24 45 0.795 0.127 3.699 0.079 1.633 0.170

5.88 60 0.475 0.127 7.244 0.060 3.804 0.086

7.37 60 0.475 0.127 4.931 0.100 2.187 0.124

7.23 60 0.635 0.127 7.521 0.082 3.764 0.122

4.19

6.12

7.52

2.92

2.98

4.02

3.05

3.10

60

60

60

60

4003A

4003B

4003C

4003D

4004A

4101A

4101C

4102A

4102C

4103C

4103D

4104A

410411

4104C

4104D

4105A

4105A1

4105B

4106A

60

60
60

75

60

75

75

75

75

75

0.635

4.12

0.635

0.635

0.795

45

0.795

0.795

0.475

0.4754106A1

0.475

0.475

0.475

0.475

0.475

0.635

0.127

0.127

3.99

0.127

0.127

0.127

0.127

0.127

0.127

0.635

0.127

0.127

0.127

0.127

4106B

0.127

0.127
|

0.127

1.863

5.95

4.368

4.180

1.615

7.437

4.917

3.002

9.696

3.643

4.929

2.815

4.639

0.203

4.420

2.749

0.147

0.137

4106B1

7.56

0.082
0.318

0.090

0.102

0.089

0.089

0.076

0.168

0.250

0.219

0.246
0.313

0.213

1.189

5.042

2.294

1.467

1.615

3.723

4106C

4106D

4107A

4107B

4107C

4108A

4108B

4110A

4110B

4111B

4111C

4111D

3.05

1.272

0.761

3.206

1.655

2.467

1.478

2.322

2.321

1.376

1.182

4.11

4.00

0.239

0.197

0.202

0.060

0.318

0.133

0.305

0.256

0.167

4112A

0.161

0.249

0.359

0.324

0.354

0.462

0.4696.20 75 0.635 4.790

3.12 75 0.795 0.127 1.047 0.791 1.047 0.791

3.97 75 0.795 0.127 9.650 0.181 7.202 0.214

3.25 45 0..635 0.203 2.217 0.101 1.110 0.149

0.086

45

45

0.795

0.795

0.795

0.475

3.94

45

2.648

3.477

1.546

0.900

2.149

5.97

0.203

0.203

0.203

0.098

0.136

0.213

0.103

6.81

6.622

2.944

0.900

4.0930.2033.33 60

0.141

0.195

0.213

0.148
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No.

Table F-3 Calculated Rioachet Particle Max-Min Combinations

NASA/MSFC EH Test Series

v,
(kin/s)

6.91

Op

(dqO
75

dp

(cm)
0.795

t,,

(cm)
0.160

Vmlll

0un/s
4.819

d-t,,

(era)
0.278

Vmlm

(km/s)
3.596EHAB

EHPB 7.22 75 0.635 0.160 5.628 0.218 1.942 0.398

Ell[PC 7.58 75 0.475 0.160 3.828 0.237 1.916 0.349

EHRPI 6.87 60 0.795 0.160 7.520 0.066 3.949 0.094

EHRP2 6.80 65 0.795 0.160 2.097 0.340 1.050 0.502

EHRP3 6.78 45 0.795 0.160 4.876 0.124 2.216 0.150

EHRP4 7.65 60 0.635 0.160 1.989 0.205 0.995 0.303

EHR1P5 7.51 65 0.635 0.160 2.531 0.266 1.267 0.394

EHRP6 7.57 45 0.635 0.160 3.556 0.105 1.868 0.152

EHRP7 7.98 60 0.475 0.160 4.549 0.176 1.053 0.402

EHRP8 45

65

45

EHRP9

0.475

0.475

0.635EHSS4C

0.160

0.160

0.160

7.34 8.766

1.841

1.116

7.29

0.069

0.291

0.2625.53

4.603

1.202

1.116

dllMtZ

(cm)

• 0.328

0.100

0.465

0.262
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